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ABSTRACT 
Using Thermoluminescent Dosimeters to Measure the Dose from High and 
Low Energy X-ray Sources 
by 
Wes Boyd 
Dr. Ralf Sudowe, Committee Chair 
Assistant Professor of Health Physics 
University of Nevada, Las Vegas 
This work focused on using thermoluminescent dosimeters (TLDs) to measure the 
doses from two x-ray sources, a CT scanner and a linear accelerator (linac). In addition 
ion chambers were used to determine the isodose contours from the operation of the 
linac. 1mm x 1mm x 1mm TLD-100 microcubes were placed in a Lawrence Livermore 
National Laboratory (LLNL) torso phantom and irradiated using a Toshiba Aquilion One 
320-Slice CT Scanner. Different thicknesses of shielding composed of antimony and 
bismuth powder suspended in an ethylene copolymer were used to shield the phantom 
and the dose reduction was measured. The dose reduction ranged from 25% to 50% 
depending on the thickness of the shield. TLD-700s were attached to a LLNL phantom 
to measure the dose from a 3 and 6MeV accelerator. The dose to a potential stowaway 
was measured to be 6.3±2.7mrem and 16.3±2.8mrem, while the dose to the driver was 
5.5±0.5 and 17.0±1.2mrem, respectively. The 2mr hr"1 line was measured at 22ft when 
operating at 3MeV and 35ft when operating at 6MeV. 
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CHAPTER 1 
INTRODUCTION 
In 1896 Wilhelm Rbntgen discovered x-rays while experimenting with a Crookes 
tube. Shortly thereafter x-rays were used as diagnostic tools and within five years were 
even utilized therapeutically. In 1898 Henry Becquerel discovered radioactivity when he 
accidentally placed some uranium salts near photographic film and exposed it. At this 
time many scientists started experimenting in this newly discovered field and it wasn't 
long until the biological effects of radiation were noticed. On Monday, August 3, 1903 a 
newspaper called the New York World published an article in which they described the 
health affects suffered by Clarence Dally, an assistant of Thomas Edison's. Mr. Dally 
was repeatedly exposed to an x-ray tube during experimentation which resulted in 
injuries. "In the beginning his hair begun to fall out and his face began to wrinkle. Then 
dermatitis, or inflammation of the skin, set in, and manifested itself as a sore on the back 
of his left hand" (Duke University Libraries, 2004). Both of Clarence's arms eventually 
developed skin cancer, were amputated and in 1904 he succumbed to cancer. During this 
time Thomas Edison abandoned his research into x-rays saying, "The x-ray had affected 
poisonously my assistant, Mr. Dally" (Caufield, 1990, p. 9). Many other pioneers in the 
radiation field also died from diseases associated with radiation exposure. It wasn't long 
until the researchers realized that they needed some way to measure the dose from 
radiation and to determine safe exposure guidelines; unfortunately, there were no set 
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units to measure radiation or even any instruments available that could quantify radiation. 
Due to these shortcomings the initial attempt to set a safe exposure limit relied on what 
was referred to as the skin erythema dose which was the amount of radiation it took to 
turn the skin red. The problems associated with the skin erythema dose included that it 
relied on a biological effect to determine if the dose was exceeded; since no two people 
are identical the actual energy involved in creating erythema can differ from one 
individual to the next, and in addition erythema sometimes does not occur until several 
days post-exposure. It is now understood that a dose of approximately 200rem is 
required to induce erythema (Walker, 2000, pp. 1-20). 
In 1928 the Roentgen was adopted as the unit to measure radiation exposure. It is 
defined as 2.58x10" C kg" . The Roentgen measures the number of electrons created in 
air, but not the actual damage ensuing in an individual. In 1953 a unit known as a rad 
(100 ergs g"1), was adopted to describe the amount of energy deposited in a material. 
Shortly thereafter it was discovered that different types of radiation affected the tissue in 
the body differently; a new unit was created to account for this, known as a rem. A rem 
is equal to a rad multiplied by a factor known as a "Quality Factor" (Q) which 
numerically describes the relative biological effect of the particular type of radiation. As 
these new units of measure were created and implemented, new radiation detection 
instruments and materials were developed so that different exposures and doses could be 
accurately measured (Walker, 2000, pp. 1-20). 
For example, ion chambers are gas filled radiation detection instruments that 
measure exposure (Roentgen) by measuring the charge created in air. As photons interact 
with air they ionize air molecules and the free electrons are captured by the positively 
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charged anode of the ion chamber. As opposed to other types of gas filled detectors, in 
ion chambers the free electrons do not create additional ionizations, so there is no 
resulting charge multiplication. These electrons cause a measurable decrease in charge 
on the anode which is recorded. The number of electrons collected per unit time is what 
determines the exposure rate. Ion chambers have the advantage of being able to read 
exposure rates in real time so individuals can know what levels of radiation they are 
being exposed to at any given time. However, early ion chambers could not be used to 
keep track of an individual's total dose over long periods of time. 
Thermoluminescent dosimeters (TLDs) are worn to monitor an individual's dose 
over given periods of time, typically three months. When TLDs are heated they emit 
light. The amount of light emitted corresponds to the energy deposited in the TLD. This 
energy can then be correlated to the dose received by the individual wearing the TLD. 
(1.1) Physics of Thermoluminescent Phosphors and Semi-Conductors 
When radiation interacts with a material it may impart energy to an electron 
causing it to move from the valence band to the conduction band, thus creating what is 
referred to as an electron and electron hole pair. The amount of energy required to do 
this is dependent on the energy difference between the valence and conduction bands. 
The electron-hole pairs created move independently of each other throughout the media 
until they recombine or until one of them falls into a trap; when they recombine they 
release a light photon. If the recombination occurs immediately after excitation the 
material is said to be fluorescent. If the electron or hole is trapped it takes energy (and 
time) for them to recombine and the material is said to be phosphorescent. A material 
that phosphoresces slowly at room temperature, but phosphoresces rapidly as it is heated 
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is said to be thermoluminescent (TL). This is the mechanism on which 
thermoluminescent dosimetry is based. As TL crystals are irradiated, they store energy in 
the form of electron-hole pairs until they are heated thus releasing that energy in the form 
of light. In a pure crystalline compound the electrons occupy the lowest energy orbitals 
known as the valence band which is separated from the conduction band by the 
"forbidden band gap" (Ranogajec-Komor, 2003, p. 3). Such a compound would contain 
no impurities to trap the electron-hole pairs. The forbidden band gap is the range of 
energy that an electron in a given pure material is "not allowed to have" according to 
quantum mechanics. In reality, crystals contain impurities within the lattice structure that 
act as electron traps, which have energies in the forbidden band gap. When a crystal is 
exposed to radiation (Fig. 1.1), energy is imparted to the electrons exciting them to the 
Figure 1.1. Depiction of the one trap-in center model and the process of how an electron 
is generated and trapped and eventually freed to recombine with an electron hole. T is 
the energy level of the electron trap and E is the energy difference between the trap and 
the conduction band. R is the recombination center where the charge carrier and the 
electron-hole recombine. 
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conduction band. In a pure crystal the electron would almost immediately emit this 
excess energy in the form of light and return to the valence band. An electron in the 
forbidden energy band can still emit energy and combine with the hole in the valence 
band, but this occurrence is completely random and relies on several factors. Ranogajec-
Komor gives the equation to describe this probability (p) as: 
p = se"E/KT Eq. 1.1 
where s is the frequency factor (also called the attempt to escape factor, a constant) "with 
a value in the order of lattice vibration frequency, 1012 - 1014 s"1" (Bos, 2001), E is the 
activation energy, K is the Boltzmann's constant (8.617 x 10"5 ev/K), and Tis the 
absolute temperature. As can be seen, the probability of recombination increases with 
increased temperature and time and decreases for large values of E which is "related to 
the energy difference between the trap and conduction level" (Ranogajec-Komor, 2003, 
p. 3). E therefore is the "energy needed to release an electron from the trap into the 
conduction band" (Bos, 2001, p. 5). 
(1.2) Thermoluminescent Glow Curves 
When a TL material is heated the intensity of the light output is dependent on the 
number of recombinations. The concentration of electrons in the forbidden energy gap is 
related to the amount of radiation energy deposited in the crystal and can be correlated to 
the dose received by the crystal. By examining Eq. 1.1 it can be inferred that the larger 
the population of electrons in the forbidden energy gap, the more intense the light output 
will be. TL materials are read by heating the crystal in a controlled manner to a 
temperature of 300-400°C, monitoring the light output with a photomultiplier and plotting 
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it as a function of temperature. This plot is known as the glow curve and is distinctive for 
each given type of dosimeter (Ranogajec-Komor, 2003, pp. 3-5). 
In 2004, Al-Haj & Lagarde described the process of glow curve evaluation and 
the change in the glow curve over time due to the phenomenon of fading (shown in Fig 
1.2), and the distortion of the glow curve due to anomalies in routine practice resulting in 
the assignment of incorrect doses. Fading (Eq. 1.1) of the peaks at lower temperature 
Temperature (°C) Temperature (°C) 
Temperature (°C) 
Figure 1.2. Glow curve for LiF:Mg exposed to equal doses of radiation and read at 
different times post exposure. The solid line depicts the temperature of the TL crystal as 
a function of time. A) is the glow curve measured shortly after irradiating B) was read 
one month post exposure and C) was read three months after exposure. 
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occur over time and can be used to estimate for how long a TLD was deployed. The 
anomalies that result in distortion of the glow curve are incomplete TLD read out, 
presence of a contaminant on the TLD, light induced peaks, and electrical spikes (2004, 
pp. S15-S16). How these impact the glow curve is shown in Fig. 1.3. According to Al-
Haj, incomplete readout can occur due to "possible defects in the manufacture of the 
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Figure 1.3. Glow curves showing different anomalies that can occur during the readout 
of a TLD. The solid black line shows the temperature as the TLD is heated as a function 
of time. A) is an incomplete readout; it can be seen how some of the signal is cutoff. B) 
is a peak caused by the presence of a contaminant that obscures the glow curve from the 
TLD. C) is light induced from the exposure of the TL to light. D) is the result of an 
electrical spike and "might be due to reader electronics or the fluctuations in the electrical 
power line" (Al-Haj & Lagarde, 2004, pp. S17-S19). 
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TLD card, damage due to mishandling or prolonged use, or malfunction in the TLD 
reader" (2004, p. S17). This type of anomaly will result in the readout dose being lower 
than what was actually received. A TLD contaminant results in the read dose being 
larger than that actually received. Contaminants can be anything present in the 
environment that will glow when heated. Common contaminants are dirt, chemicals, and 
oils from a human body. Al-Haj & Lagarde reported that some TLD's issued were 
washed by a local laundry service and when analyzed, the chemical used by the laundry 
caused an anomaly indicative of TLD contamination. Light induced anomalies also 
result in overestimation of the dose. This occurs when the TLD is exposed to light due to 
a defect in the TL holder. "Several authors have investigated this type of anomaly and 
have concluded that the signal is not from the TLD chip itself but from the Teflon 
coating" (Al-Haj & Lagarde, 2004, pp. S18-S19). Electrical spikes result in spurious 
peaks leading to an overestimation of dose. These capricious instabilities can be "due to 
reader electronics or the fluctuations in the electrical power line" (Al-Haj & Lagarde, 
2004, p. S19). 
(1.3) TL Holders and Filters 
TL material is placed in holders when it is taken out into the field. When it is 
placed in a holder, the assembly is called a thermoluminescent dosimeter (TLD). The 
holder serves to protect the TL crystal from contamination and mechanical damage. The 
holder also allows placement of different filters in front of the TL crystals. TLD filters 
are composed of varying thicknesses of diverse substances. The purposes of using filters 
are to correct for energy dependence of TL material, obtain equivalent doses inside a 
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material (used to obtain deep dose rates inside a human body), to filter out unwanted 
particles, and to correct for backscatter. 
Most TL substances "show highly [energy] dependent response characteristics" 
(Bapat, 1980, p. 448). By using assorted areal density filters in front of TL materials the 
different responses can be read out and compared. "It may be expected that with proper 
combination of open area, filter materials and filter thickness, the response of the 
dosimeter may be made to be energy independent" (Bapat, 1980, p. 448). According to 
Pradhan & Bhatt "the use of metal filters has been the most popular method for 
achieving" energy independence in TL phosphors (1979, p. 497). 
The TLD issued to radiation workers is typically composed of four different TL 
phosphors and filters. The first filter is typically a thin Mylar window which provides 
insignificant attenuation to incident radiation and keeps the TL crystal from being 
exposed to sunlight. The skin dose to an individual is measured by this TL phosphor. 
The second filter is usually a tissue equivalent plastic with a density thickness equal to 1 
cm of tissue. This phosphor is used to determine the deep dose to an individual. This 
deep dose is what is used when assigning the whole body external dose. A third TL 
phosphor is usually a neutron sensitive TL material. It has a filter containing 
hydrogenous material, such as acrylonitrile butadiene styrene (ABS) plastic, to thermalize 
neutrons by elastic scattering making them more likely to be absorbed by the TL 
phosphor. The fourth filter usually contains a low Z metal such as copper to attenuate 
any beta particles to measure only the dose contribution coming from photons. Thermo 
Fisher Scientific uses 17mg/cm2 of aluminized Mylar, 107mg/cm" ABS plastic + 
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893mg/cm2 PTFE, 300mg/cm2 ABS plastic, and 242 mg/cm2 + 91mg/cm2 copper filters 
in their personnel dosimetry TLD holders (Thermo Electron Corporation , 2005, p. 1.5). 
As mentioned in the previous paragraph, low Z metals, such as aluminum and 
copper, are used to remove charged particle radiation, particularly beta particles, from 
incident radiation. Thin filters of cadmium are also often used to remove thermal 
neutrons, so that only high and moderately energetic neutron dose contributions are 
measured. 
ICRU Report 39 (1985) requires that calibration of personnel TLD's be "carried 
out with dosimeters mounted on the ICRU sphere" (Pradhan, Gambhir, Patel, Bhatt, & 
Supe, 1990, p. 299). The ICRU sphere is a 30cm diameter sphere composed of tissue 
equivalent material having a density of 1 g/cm . It has "a mass-composition of 76.2%-
oxygen, 11.1%-carbon, 10.1%-hydrogen, and 2.6%-nitrogen" (Shani, 2001, p. 5). The 
mounting of TLD's on an ICRU sphere results in calibration dosimeters with a 
backscatter contribution similar to those dosimeters worn by personnel. Since 
backscatter radiation is composed of low energy Compton x-rays, it can be a confounding 
factor for TL phosphors that exhibit energy dependence. It is not however, a big issue for 
those crystals that show little or no energy dependence. Backscatter energy dependence 
can be corrected for using the same methods described earlier for correcting energy 
dependence (Pradhan, Gambhir, Patel, Bhatt, & Supe, 1990, p. 302). 
(1.4) Characteristics of Thermoluminescent Material 
In addition to having different glow curves, differing TL materials also have other 
disparate characteristics. The ideal TL material would be one which retains trapped 
charge carriers for long periods of time at the temperatures encountered during the 
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exposure, has a large light output, a linear response over a large dose range, is capable of 
perfect annealing to enable repetitive use, exhibits no energy or angular dependence, and 
exhibits no differences in light output between individual TLDs. 
The loss of charge carriers over time is referred to as fading, "the unintentional 
loss of the TL-signal" (Bos, 2001, p. 18). This is important because as charge carriers are 
combining there will be less light output when the TL phosphor is read, resulting in an 
underestimation of the true dose. As can be seen in Fig. 1.2, fading can cause the shape 
of the glow curve to change over time. Eq. 1.1 describes the probability of this 
phenomenon occurring and shows that "even at room temperature there is a certain 
probability that charge carriers escape from their trapping centres" (Bos, 2001, p. 18). 
There are different factors that can be used to influence the variables in Eq. 1.1 including 
"anneal rate and length, storage temperature, and type of exposure" (Hill, 2005, p. S73). 
By adjusting these factors, fade rates for LiF:Mg, Ti "have been reported as high as 7% in 
two weeks and as low as 1% per year" (Hill, 2005, p. S73). These inconsistencies "pose 
a considerable obstacle to accurate thermoluminescent dosimetry" (Hill, 2005, p. S73). 
The charge carriers most likely to combine are those associated with the lower 
temperature glow peaks. In addition to temperature fading, fading can also be induced by 
optical stimulation. "Some highly sensitive TL materials such as CaFi and CaS04 are 
extremely light sensitive and the fading is enhanced considerably" (Bos, 2001, pp. 18-
19). A. J. Bos gives another source of fading as "quantum mechanical tunneling of the 
trapped charge to the recombination site" (2001, p. 19). When this occurs, the electron 
does not return to the conduction band before being recombined with the vacant electron 
hole. 
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Preheating is when an exposed TLD is heated to a given temperature (usually 
around 100°C) before being read. Low temperature peaks have faster fade rates, thus the 
removal of these peaks results in fewer variations in measurements due to thermal 
differences in handling. The removal of the low temperature glow peaks from the 
readout reduces the effect of fading in TL crystals used in dosimetry. In order for a TL 
phosphor to be useful the half-life (ti/2) for the thermal fading "must be several times 
longer than the time between the beginning of the exposure and the readout" (Bos, 2001, 
p. 18). Bos gives the half-life for thermal fading as: 
In 2 ,, , „ 
tU2= Eq. 1.2 
s exp(-£ / kt) 
Therefore, it is vital that the temperature the dosimeter will be used at, as well as the 
length of time the TLD will be deployed for, is considered before the TL phosphor is 
decided upon (Bos, 2001, p. 12). 
The ideal dosimeter will also have a large light output corresponding to the dose. 
A phosphor with a large light output will be more sensitive to lower doses as more light 
photons are emitted by recombination of electron-hole pairs, making it easier to 
distinguish light output from irradiation from the light emitted by black body radiation of 
the crystal as it is heated. In 1998, Amin et al measured x-ray exposure from a flash x-
ray tube using LiF:Mg, Ti and CaF2:Dy. During the course of their experiment it was 
determined that the CaF2:Dy could detect a single exposure while it took ten exposures 
for the LiF:Mg, Ti to produce a large enough light output to be measured (p. 479). 
"At low doses, the thermoluminescence of most materials increases linearly with 
dose" (Charalambous & Petridou, 1976, p. 441). It is easy to correlate TL output to dose 
as long as the relationship is linear; however, as more charge carriers are created in the 
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phosphor, the phosphor becomes more sensitive to radiation so that the dose response 
curve becomes supralinear. Depending on the type of TL crystal "the supralinear 
component may make its appearance at exposures from 1R to 1000R" (Larsson & Katz, 
1976, p. 634). At very high doses the TL material is saturated and the TL output/dose 
relationship becomes sublinear as the phosphor becomes less sensitive to radiation. 
Annealing of the TL phosphor occurs immediately after the crystal is heated and 
read. The purpose of annealing is to empty "all the traps" (Ranogajec-Komor, 2003, p. 5) 
so that there are no residual electron-hole pairs that can be recombined the next time the 
TL phosphor is read. Annealing will also "re-establish the thermodynamic defect 
equilibrium which existed in the material before irradiation and read-out" (Bos, 2001, p. 
17). As TL phosphors are irradiated and annealed, they become less and less sensitive to 
radiation exposure due to damage effects and the emptying of thermally disconnected 
traps. Annealing "resets the occupancy of the deep, thermally disconnected traps... [The 
deep traps] influence the TL sensitivity of a given peak since they act as competitors" 
(Bos, 2001, p. 17). It is possible to restore a TL crystal to near its original condition by 
heating it to extremely high temperatures and allowing it to slowly cool. A.J. Bos states 
that in "LiF it has been shown that the cooling rate effects [sic] the TL sensitivity and the 
measured trapping parameters" (2001, p. 18). He goes on to warn "that all steps 
influence the signal in some way. Therefore strict, and above all, reproducible 
procedures should be applied in order get a high precision in the dose determination" 
(2001, p. 18). This means that variations in cooling and heating rates and temperatures 
during annealing and readout can impact the light output of TL phosphors. 
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Energy dependence is the change in TL output of a phosphor as the energy of the 
incident photons changes even as the exposure remains the same. The TL output is 
closely related to the mass energy absorption coefficients of the individual phosphors. 
These are more disparate for low energy photons so this phenomenon is most easily 
identified at low (<100keV) photon energies as shown in Fig. 1.4. Since energy 
Energy Dependence of LiF as a Function of Photon Energy 
1.00E-03 1.00E-02 1.00E-01 1.00E-H30 
Photon Energy (MeV) 
1.00E-HD1 1 .OOE+02 
Figure 1.4. Shows the energy dependence of various TL materials commonly used in TL 
dosimetry. CaC03 and CaSC>4 are graphed using the axis to the right, while LiF is 
graphed using the left axis. The response is relative to the dose in air. Data for the plot 
was obtained from a table provided by V. Shivramu (2000, pp. 297-298). 
dependence is contingent upon the mass attenuation coefficient; the Zeff of the phosphor 
is a factor in determining the effect (Table 1.1). As the photon energies increase, the 
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Table 1.1. Zeff of various TL material commonly used in TL dosimetry. Data for the 
table was obtained from A.J.J. Bos (2001, p. 17). 
Phosphor 
LiF 
A1203 
CaS04 
CaF2 
Zeff 
8.31 
11.28 
15.62 
16.90 
absorption coefficients for all material approach one another resulting in a loss of energy 
dependence at higher energies. As mentioned earlier, different filters are used to try and 
correct the energy dependence of the various TL phosphors. The use of filters can 
however create a strong angular dependence (Miller & McLaughlin, 1982, pp. 1299-
1300). Angular dependence refers to the change in TL output as the angle of incident 
radiation changes. If the radiation is incident perpendicular to the filter, it has a shorter 
path length through the filter and to the TL phosphor than if it is incident at an angle. 
The effect of angular dependence is also energy dependent. In 2008, Imatoukene et al 
reported an energy dependence of 52% "observed for mean photon energy of 33keV at 
90°. However, for the 137Cs irradiation source, a week angular dependence within 20% is 
shown for irradiation incidence" (p. 670). In addition to photon energy the composition 
and thickness of the filter also play a role in the angular dependence of a TLD. 
There are microscopic differences in each individual dosimeter so that no two 
dosimeters are identical. These microscopic differences are random and are created 
during the formation of the TL crystal. In addition, small variations in crystal size and 
scratches created as the crystal is being cut can also change the light output of a TL 
crystal. These small differences can impact the light output so that "there is a variation in 
response of as much as 30% (based on 3 sigma) from the mean in a population of 
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dosimeters" (Thermo Electron Corporation , 2005, p. 6.1). To account for this variation, 
prior to being issued for use, the TLDs are taken and exposed to the same dose. The light 
output from each exposed TLD is measured and recorded. The percent difference in light 
output from the mean for each TLD is calculated and is known as the element correction 
coefficient (ECC). The light output obtained from the individual TLDs is then multiplied 
by the ECC to determine the corrected light output of the TLD. This makes the 
"response of each dosimeter comparable to the average response of a population of 
dosimeters" (Thermo Electron Corporation , 2005, p. 6.1). This corrected response is 
what is used to determine the dose to the object on which the TLD is placed. 
No material meets all the characteristics of an ideal dosimeter, "therefore 
permanent efforts are made in the scientific community to develop a new ideal TL 
detector. The most commonly used crystals in TLDs (with the commercial name used by 
Thermo given in parenthesis) are LiF:Mg, Ti (TLD-100), 6LiF:Mg, Ti (TLD-600), 
7LiF:Mg, Ti (TLD-700), CaF2:Dy (TLD-200), CaF2:Tm (TLD-300), CaF2:Mn (TLD-
400), A1203:C (TLD-500), and CaS04:Dy (TLD-900). What follows is a brief 
description of the LiF:Mg, Ti TL phosphor including its inherent strengths and 
weaknesses since it was the optimal phosphor for the proposed study. 
(1.5) The LiF:Mg, Ti TL Phosphor 
Lithium fluoride doped with magnesium and titanium (LiF:Mg, Ti) is the most 
commonly used TLD material due to its large dose range, good material stability, and 
approximate tissue equivalence properties. There are three types of dosimeters made 
from LiF:Mg, Ti commonly known as TLD 100s, 600s and 700s. All three of these 
TLDs have the same chemical properties, which means they react identically to photon 
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and charged particle radiation, but their fundamental nuclear properties are very different. 
TLD 100's are composed from natural lithium which has an isotopic concentration of 
92.6% 7Li and 7.4% 6Li. TLD 600s are composed of Li enriched to approximately 
94.9% while TLD 700s are composed of 0.04% 6Li and 99.96% 7Li. The National 
Institute of Standards and Technology (NIST) web-site lists the thermal neutron (2200m 
s"1) absorption cross section of 7Li as 0.0454 barns and 940 barns for 6Li (National 
Institute of Standards and Technology, 1999). Due to the differing concentration of 
lithium isotopes in these three TL phosphors they each have a different response to 
neutron radiation. TLD 700s are often used in conjunction with TLD 600s to determine 
the neutron dose by subtracting the TLD 700 gamma dose from the TLD 600 
gamma/neutron dose. As was reported earlier, TLD 100/600/700 are less sensitive to low 
levels of radiation than other TL crystals, but they "give a nearly energy independent 
response" (Bapat, 1980, p. 448) and have a linear energy response up to 1000 rad 
(Charalambous & Petridou, 1976, p. 441). 
(1.6) Scope of Work 
This project will focus on using TLDs to obtain dose measurements. The two 
applications for photon TL dosimetry that will be concentrated on in this work are very 
low energy, medical diagnostic applications where the photon energy is <140keV, and 
very high energy, linac applications where the maximum photon energy is typically 
>3MeV. 
(1.6.1) 320 Slice CT Machine 
In CT imaging, "the 2D CT image corresponds to a 3D section of the patient, so 
that... three dimensions are compressed into two" (Bushberg, Seibert, Leidholt, & 
17 
Boone, 2002, p. 329). This two dimensional image cross-section of the patient is referred 
to as a slice. "Unlike... plain film... CT slice-thickness is very thin (1 to 10mm) and is 
approximately uniform" (Bushberg, Seibert, Leidholt, & Boone, 2002, p. 329). The math 
for CT imaging was first developed by Johann Radon in 1917, although it was the 
invention of the modern computer that made CT imaging a reality. Radon theorized that 
"the image of an unknown object could be produced if one had an infinite number of 
projections through the object" (Bushberg, Seibert, Leidholt, & Boone, 2002, p. 327). 
According to Bushberg there have been seven generations of CT machines. CT imaging 
started with narrow pencil beam geometry capable of acquiring only one slice at a time 
and now uses fan beam geometry and multiple detectors capable of acquiring multiple 
slices at a time (2002, pp. 331-338). This study will measure the reduction in dose 
obtained by using a 320 slice machine vs. a 64 slice machine. The actual medical x-ray 
device used in this experiment will be a Toshiba Aquilion computed tomography (CT) 
machine capable of performing 320 slices at a time. The dose reduction by using 
different shielding material on the patient will also be examined. The Toshiba Aquilion's 
ability to obtain 320 slices is a significant advancement in that it allows the entire human 
heart to be imaged in a single pass. Since the human heart is continually moving, images 
of it can easily be blurred and distorted. To help correct for this an individual is often 
connected to an EKG and several shots of the heart must be timed and taken. This results 
in large doses to the individual. 
In 2003, N. Buls et al evaluated the dose to patients and staff during several 
fluoro/CT guided procedures. These procedures were performed on a Siemens Somatom 
4 CT-scanner equipped with a Vision fluoroscope. The x-ray tube was operated at a 
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120kVp with a current of 90mA and an 8mm slice thickness. The computed tomography 
dose index (CTDI) was 0.044mgy/mAs in the center and 0.075 mGy/mAs at the 
periphery, measured at a depth of 1cm at four different locations. The effective dose to 
the patients was estimated from the CTDIair. The CTDIair values were obtained from the 
European Commission and are defined as "the integral along a line parallel to the axis of 
rotation (z) of the air kerma profile [Kair(z)] for a single slice, divided by the nominal 
slice thickness" (p. 168). To determine the entrance skin dose (ESD) to the patient, the 
researchers created a 27mm long polyethylene array that had nine 3.2mm x 3.2mm x 
0.9mm TLD-100 chips placed within. This array was placed on the patient in the z-
direction just prior to the start of the procedure. The TLDs were calibrated in air using a 
120kVp diagnostic x-ray machine with a 30cm cylindrical ion chamber and the ESD was 
taken as the maximum reading of an individual TL chip from the array. The radiologist 
exposure was measured by attaching three LiF:Mg, Cu, P chips to four body locations; 
forehead (eye lens dose), thyroid, right, and left hands. The ESD was calculated by 
taking the average of the three chips at each given location. The ESD was then converted 
to dose to the organs of interest using the x-ray mass energy absorption coefficients 
(Hen/p) available from NIST. The ESD for the patients was measured to be 374mSv with 
an effective dose of 19.7mSv. For the radiologist the ESDeye = 210mSv, the ESDthyroid = 
0.240mSv, and the ESDhand = 0.759mSv (Buls, Pages, De Mey, & Osteaux, 2003, pp. 
168-172). 
In 2005 M. F. Dietrich et al used 4.5mm x 0.9 mm disks of TLD-100 crystals to 
determine the dose to a human embryo during a CT procedure. The chips were calibrated 
by exposing them to a diagnostic x-ray machine and comparing it to an ion chamber. The 
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TL crystals were inserted into a phantom that had tissue equivalent removable plugs. The 
TL material was placed in the location in the phantom where the uterus would be (and the 
approximate location of the conceptus) which was slice 31 of the RANDO phantom. 
"Measurements were taken inside and outside the phantom using batches of three TLDs 
at each measured location" (2005, p. SI 1). The average and maximum surface dose 
measurements using an x-ray tube potential of 120kV, a current of 200mA, a 8mm slice 
at 1 second per revolution and 26 slices were 45.3mGy and 60.7 mGy. The dose to the 
uterus at slice 31 was 33.7 mGy. For slices 26 to 33 the doses at the uterus ranged from 
29mGy to 46.5mGy (Dietrich, Miller, & King, 2005, pp. S11-S12). 
Another experiment involving diagnostic level photon energies was performed by 
Tsang Cheung et al in 2007. The authors used an IEC phantom (right circular water 
filled cylinder made from methacrylate) that was modified by drilling five 13mm holes to 
accommodate a rod which held 3.2mm x 3.2mm x 0.9mm LiF:Mg, Cu, P TL crystals to 
determine the organ dose during a CT examination. TL phosphors were placed in the 
phantom with other crystals attached externally. One item that should be noted is that the 
authors used a book by Wu to determine the organ size and placement for the typical 
Chinese individual (pp. 240-242). 
(1.6.2) Using an Accelerator for Cargo Imaging 
Due to the increased threat of terrorists' activities, security efforts within the 
United States and aboard have been greatly intensified. Recent reports suggest that 
terrorists might attempt to smuggle either radiological dispersal devices or weapons of 
mass destruction through our ports of entry. 
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As a result of the large number of cargo containers arriving at U.S. ports daily, in 
today's society it is imperative that the U.S. government and private sector are able to 
detect nuclear weapons materials quickly. By comparing the change in attenuation of 
high and low energy photon beams, dual energy x-ray imaging systems are capable of 
measuring the effective atomic number of the contents of a container and determine if the 
material in the container has an atomic number high enough to be of concern. This is 
possible because the x-rays either interact through different mechanisms or the 
probability of a given interaction through a particular mechanism is greatly different. 
Due to the fact that civilians may be in close proximity to containers requiring x-
ray investigation, it is necessary to determine what radiological risk various x-ray 
spectrums present to persons exposed by the primary and secondary beams. The primary 
individuals of concern are the driver of the vehicle transporting the cargo container, non-
radiation workers in the area, and possible stowaways within the container. It takes a few 
minutes in order for the driver to dismount, travel to a safe area for the scan, and then 
remount his vehicle. With over six million cargo containers entering the U.S. every year 
this is not cost effective. If doses are insignificant, it would be faster and more cost 
effective for the driver to remain within the vehicle during scans. Due to the very real 
possibility of cargo containers being occupied by persons attempting to gain illegal entry 
into the United States, the risk associated with being exposed to these high-energy x-rays 
must also be known. Additionally, it is not practical to require all ports of entry be 
classified as controlled areas, thus safe regions must be determined. This research will 
measure the maximum dose rate at different locations within the imaging area for 
different x-ray energy spectrums and various cargo configurations and geometries. The 
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dose to drivers and potential stowaways in these different geometries will also be 
measured. 
In 1986 Walsh et al used TLD-700 chips with dimensions of 3.18mmx 0.9mm to 
calibrate a TLD system to accurately measure dose from 16N which emits a 6.129MeV 
gamma with a yield of 67.0% and a 7.115 MeV gamma with a yield of 4.9%. Walsh et al 
discussed some previous work where TLD-700s were used and under responded 5-10% 
the estimated true exposure; as based on derived readings from a calibrated ion chamber 
using the method described by Attix in 1979 to determine exposure for photons with 
energies in excess of 3 MeV (the energy range defined by a Roentgen). 309 TL 
phosphors were inserted in groups of three into a gelatin capsule and then placed on a 
RANDO anthropomorphic phantom at predetermined locations. The TLD locations on 
the phantom were chosen to represent internal organs and several TLDs were also 
attached externally; the assembly was then irradiated for 4-5 hours until a dose of 
approximately one rad was delivered. This was done twice, once perpendicular to the 
photon beam and the other time at an angle of 45° to the beam. A photon fluence counter 
which was calibrated to within ±2% at 6MeV was also placed in the photon field and a 
fluence-to-dose conversion table obtained from D.W. Rogers was used to determine the 
dose to the TLDs (pp. 234-235). M. L. Walsh et al anticipated that "the dosimetry of 6-
MeV y's for humans could perhaps lead to problems with badges calibrated in terms of 
exposure", but these "anticipations were not realized" (1986, p. 238). They concluded 
that the TLD badges will "perform satisfactorily in a 6-MeV y field under the EDE 
concept of ICRP Publication 26 without special consideration for the high-energy y field" 
(Walsh & Facey, 1986, p. 238). 
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A paper published by K.C. Duvall et al in 1985 discussed the development of 
instrumentation to perform dosimetry in a 6 to 7 MeV photon field by the National 
Bureau of Standards (NBS), now known as NIST. NBS used a 3MeV Van de Graaf 
Accelerator to cause the reaction 19F(p, ay)160 and thus create the 6 and 7 MeV photons. 
As part of the experiment they placed LiF at several depths in a 30cm x 30cm x 30cm 
Lucite phantom and obtained an accuracy within 10% at a depth of 2.5cm (pp. 942-944). 
They determined that "TLDs which were calibrated with a reference Co-60 source have 
been found to be essentially independent of photon energy in the range of interest" 
(Duvall, Soares, Heaton II, & M., 1985, p. 944). This is the same essential conclusion 
arrived at by M.L. Walsh et al which also corresponds well with V. Shivaramu who lists 
the energy dependence of LiF at 6 Mev as 0.928 (Shivramu, 2000, p. 297). 
One other article of interest was about an experiment done in 1999 by da Rosa et 
al in which they took a look at the reproducibility of TLD-100 micro-cubes (1mm x 1mm 
x 1mm) which are the type of cubes being considered for this experiment. Da Rosa et al 
irradiated the micro-cubes with a dose of 1 Gy from a 137Cs source and counted them on a 
Harshaw 5500 automatic TL reader and a 3500 manual reader. They determined that on 
the automatic reader the reproducibility was 2.12% at 1 s.d. using thermal stabilization 
(1999, pp. 574-575). This value is not good enough for medical physics applications; 
however they were able to obtain a mean reproducibility of 0.61% (1 s.d.) using thermal 
stabilization of the manual reader. It was determined that it is important to "identify and 
orient the support faces of the cubes in a reproducible way, in order to reduce the 
uncertainties due to geometric problems" (da Rosa, Regulla, & Fill, 1999, p. 577). The 
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micro-cubes should also be closely examined since they are not perfect cubes and some 
of them have "very irregular shapes" (da Rosa, Regulla, & Fill, 1999, p. 574). 
This project will focus on using TLDs and ion chambers to measure the dose from 
a CT scanner and a linear accelerator used to image cargo containers. The dose to a 
patient undergoing a CT scan will be measured, as well as the dose reduction when 
different thicknesses of bismuth and antimony powders suspended in an ethylene 
copolymer are used as shielding. The isodose lines around an accelerator will be 
determined as well as the dose to a potential stowaway within a cargo container. The 
potential dose to the vehicle operator transporting the cargo container will also be 
measured. 
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CHAPTER 2 
TLD 
Three different TLD materials were used over the course of this research. For the 
CT work TLD 100 cubes were used that had dimensions of 1mm x 1mm x 1mm. These 
cubes are called microcubes (u.cubes) by the manufacturer (Thermo Fisher). For the 
work performed at the Varian linear accelerator, TLD dosimeter assemblies (called cards) 
containing TLD 700 and 600's (known as a Harshaw 8810) were used. 
(2.1) TLD Reader 
The reader used to process the TLDs was a Thermo Fisher Scientific Harshaw 
TLD Model 4500 Reader that interfaced to a desktop PC using the Thermo Fisher 
WinREMS software. The Model 4500 Reader has two sliding photo multiplier (PM) 
tubes and heats TLDs using either hot gas or a planchet. Hot gas (99.995% nitrogen 
delivered to the reader at 50psi) is used for heating and reading TLDs mounted in cards 
(used for the work at Varian), while the planchet is used to heat unmounted TLDs (used 
with the CT machine). The specifications for the 4500 Reader state that it has a linear 
heating rate with less than a 1 % deviation and the time temperature profile (TTP) 
reproducibility is within 1°C. According to the Model 4500 Operators Manual, the TTP 
"is the temperature to which the TL material is heated as a function of time" (2005, pp. 4-
1). Fig 2.1 is a generic TTP showing the parameters that make up the TPP: the 
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Time (Seconds) 
Figure 2.1. Temperature as a function of time that makes up the typical TTP including 
the important parameters of a TTP. 
parameters that determine a given TTP is the preheat temperature and time; the 
acquisition ramp rate, time, and max temperature; and the annealing temperature and 
time. The two TTPs used are shown in Table 2.1. These two TTPs were obtained from 
the Table 6.2 of the TLD Reader Operator's Manual. The TTPs shown were used for the 
Table 2.1. The parameters of the two TTPs used in the acquisition of the TLD readout. 
Parameter 
Preheat Temp. (°C) 
Preheat Time (s) 
Ramp Rate (°C/s) 
Acq. (s) 
Acq. Max Temp (°C) 
Anneal Temp (°C) 
Anneal Time (s) 
(iCube 
50 
0 
10 
26.67 
300 
300 
0 
8810 
100 
10 
15 
20 
300 
300 
10 
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analysis of all the given TLDs. Prior to reading the TLDs, the machine was allowed to 
warm-up for 30 minutes, with gas flowing in the case of the TLD cards. This was 10 
minutes longer than the specification given in the Operator's Manual. As the TLDs were 
read, the glow curve was displayed and examined for any abnormalities. The light output 
of each TLD was recorded in a lab notebook as well as being saved by the WinREMS 
software on the computer. This light output was then multiplied by the appropriate 
calibration factors to obtain the dose at the given location. 
(2.2) CT Setup 
Throughout the experiment, the TLDs were handled with a pair of Teflon tipped 
tweezers to avoid contaminating or scratching the microcubes. The first step in order to 
prepare the microcubes to measure the dose from Toshiba's Aquilion 320-slice CT 
scanner was to establish the element correction coefficient (ECC) of the individual 
dosimeters. To do this the TLDs were first cleaned with reagent grade alcohol (ethanol) 
and allowed to air dry. The TLDs were then annealed by placing them in a TLD oven 
(TLD Ofen Typ 1321) that heated them as rapidly as possible to a temperature of 400°C. 
This temperature was held for 60 minutes before rapidly cooling them to a temperature of 
100°C which was held for 120 minutes. The TLDs were then cooled as fast as possible to 
a temperature of 45°C. The TLDs were allowed to sit for 30 minutes before they were 
placed in a faxitron cabinet x-ray system. The TLDs were placed on the second shelf on 
circle/line 8 and irradiated for three minutes. In this position, with a tube potential of 
30kVp the exposure rate had previously been measured as 1.4R/min. The microcubes 
were exposed for 3 minutes at 30kVp. The TLDs were then allowed to sit for 24 hours 
before they were placed back in the TLD oven and preheated to a temperature of 100°C 
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for 10 minutes. The TLDs were then assigned a number, placed on the heating planchet 
of the TLD Reader, analyzed, and placed in a 2.54cm x 2.54cm ziploc bag. One set of 
microcubes had been purchased more than ten years ago (2000 series) from Harshaw 
before it was acquired by Thermo Fisher, while the second set had been bought in 2008 
(3000 series). The ECC distributions (relative to the respective means) are shown in Fig 
2.2. The standard deviation of the ECC for the two microcube populations(a3ooo = 
ECC for Microcubes 
90 
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Figure 2.2 ECC of the uxubes used in the work done with the CT machine. The solid 
line shows a normal distribution for a standard deviation of 0.0620, and the number of 
microcubes that would be expected for each ECC range, given the total number of 
microcubes. 
0.0636 and aiooo = 0.0599) was examined and found to have a difference of 0.0037 
(6.1 %). Since the two standard deviations were so close the frequency of the two 
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populations for each ECC range was summed together and the standard deviation for the 
two populations was determined (0.0620). This value was used to determine the 
expected frequency for each ECC range and is shown in Fig. 2.2 as the normal 
distribution. As would be expected, the observed frequency closely matches the expected 
frequency. 
The next step was to develop a dose calibration curve for the microcubes that was 
accurate at the low photon energies typical of a CT-machine. 120kVp is the voltage 
potential that is normally used for the type of scans (chest) that were evaluated in this 
study. According to Valk et al the energy spectrum of "the primary fan beam of X-rays 
produced by a CT system... is relatively hard in radiology terms" having "an effective 
energy of about 70keV for a 120 kVp beam" (2006, p. 44). This equates to an average 
photon energy of 70keV in a filtered beam, with a maximum energy of 120keV. It was 
determined that 99mTc, which emits a 140keV photon 89% of the time, would be the best 
radionuclide to use to develop the dose calibration curve due to its availability and 
relatively low energy photon.. Fig. 1.4 was modified and is shown now as Fig. 2.3; it 
now shows the energy dependence of LiF for 140keV, 120keV, and 70keV photons. 
According to this figure, the difference in energy dependence between 120keV, 70keV 
and the 140keV photon from 99mTc is 1.0% and 8.7% respectively. 4.08mCi of 99mTc 
saline solution (<lmL) inside of a syringe was squirted into a polyethylene container that 
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Energy Dependence of LiF as a Function of Photon Energy 
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Figure 2.3. Energy dependence of LiF as a function of incident photon energy. Also 
•99m. 
shown is the LiF energy dependence of Tc (140keV), 120keV, and 70keV photons. 
had a diameter of 2.54cm and was 1cm thick all the way around was utilized to expose 
the TLDs. This polyethylene container is typically used to perform point source 
calibration of gamma cameras in nuclear medicine departments. The TLDs were divided 
into 9 groups (one received no dose). The groups were placed around the container of 
99mTc at varying distances from 1cm to 8cm, and left there for up to four hours. The 
actual dose (D) to the groups was determined using the equation: 
D = = f 
•J=o 
DR ^
^-
kdt = 
Ax Eq. 2.1 
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where DRSla,i is the dose rate at the start of irradiation, x is the distance (cm) from the 
center of the container of 99mTc, t is the time exposed to the 99mTc in hours, and X is the 
decay constant (hr_l) for 99mTc. The measured light output (nC) for the microcubes was 
plotted as a function of dose (mrem) and is shown in Fig 2.4. A linear regression 
Average Light Output as a Function of Dose 
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Figure 2.4 Dose calibration curve of the microcubes. The light output is shown as a 
function of dose. 
analysis of the data points was done, giving the equation of the dose curve as: 
LO = 0.060 ±0.001*//+ 13.8 ±1.3 Eq. 2.2 
where LO is the light output (nC) and D is the dose (mrem). The equation can be solved 
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for dose yielding: 
_ IO-13.8±1.3 
D = Eq. 2.3 
0.060 ±0.001 
which is the equation used to determine the dose delivered to the microcubes from the CT 
machine. The uncertainties of the slope (<Jm) and y-intercept (Ob) were calculated using 
the following equations: 
<Tb=<TyT^~ Eq- 2A 
where n is the number of TLDs exposed, D and ay are calculated using the following 
equations: 
D = nYJH?-C£Hl)2 Eq. 2.6 
\ n — 2 
where d is determined from the calculation: 
d = y-mx-b Eq. 2.8 
The coefficient of determination (R"), which is a statistical measure of how well the 
calculated dose curve fits the measured data, for the 2000 and 3000 series microcubes is 
0.995. 
(2.3) Varian Set-up 
The Harshaw 8810 cards contain TLD 700's in the first three positions (i - iii) 
and a TLD 600 in the fourth position (iv). All four TLDs were 3.175mm x 3.175 (1/8" x 
1/8") and the TLDs in positions i, ii, and iv had a thickness of 0.381mm (0.015") while 
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the TLD in position iii had a thickness of 0.152mm (0.006"). In addition, the personnel 
dosimeter holder contains various filters. These filters are 242mg/cm2 + 91mg/cm2 
copper in position (i), 107mg/cirr ABS plastic + 893mg/cm2 PTFE in position (ii), 
17mg/cm2 of aluminized Mylar in position (iii), and a 300mg/cm2 ABS plastic filter in 
position (iv). Position (i) is used for energy discrimination, (ii) is the deep dose, while 
(iii) simulates the shallow dose, and (iv) is used for the lens of the eye dose as well as the 
neutron dose. 
The 8810 TLDs were annealed at a temperature of 80°C for 16 hours prior to 
exposing them to a calibration source. The ECC for the different TLDs was obtained by 
sending the 49 TLDs to Idaho State University (ISU), where all the dosimeters were 
exposed to a NIST traceable 11.3Ci Cs calibration source, which emits a 662keV 
photon 85% of the time. A 5cm thick piece of foam was used to create a template to hold 
the TLDs while they were being irradiated (Fig. 2.5). Nineteen slots were cut in the foam 
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Figure 2.5. Layout of foam template showing the slots used to expose TLD Cards. The 
number assigned to each slot is also shown. 
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and numbered. The slot in which the TLD was placed to be irradiated was recorded as 
was the start and stop times of all the irradiations. This was done to ensure all the TLDs 
received the same exposure so the mean response of the population could be determined. 
The ECC of the chips in each of the nineteen positions was taken and averaged together 
to determine if the irradiation location played a significant factor in the dose delivered to 
the TLD, thus affecting the ECC. The result of this analysis is shown in Fig. 2.6. As can 
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Figure 2.6 The top picture shows the number location and the bottom picture shows the 
corresponding average of the ECC's for all the TLDs irradiated in that location. 
be seen, the irradiation position did not affect the ECC of the TLDs. The largest average 
ECC value is 1.06, and the smallest is 0.975. 
The standard deviation of the ECCs for the TLDs in positions (i) thru (iv) was 
determined to be 0.0566, 0.0541, 0.1205, and 0.0505, respectively. Since standard 
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deviations of the ECC for positions (i), (ii), and (iv) were so close (the range was 0.0061), 
the frequency for each ECC range was summed and is shown in Fig. 2.7. The standard 
ECC for 8810 TLDs 
<0.875 0.875- 0.925- 0.975- 1.025- 1.075- >1.125 
0.925 0.975 1.025 1.075 1.125 
ECC 
Figure 2.7. ECC for the 8810 dosimeters for TLDs in positions i, ii, and iv. The normal 
distribution shown is for a standard deviation of 0.0534. 
deviation of the ECC for these three positions was calculated (0.0534) and used to 
determine the expected number of TLDs for each ECC range and was plotted in Fig. 2.7 
as the normal distribution. The ECC data obtained for the chips in position iii show that 
it does not follow a normal distribution. The frequency of this distribution compared to 
the expected frequency for a normal distribution with a standard deviation of 0.1205 is 
plotted in Fig 2.8. As can be seen the actual distribution has a positive skew and also 
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ECC for 8810 TLDs (iii) 
25 
ECC (iii) 
Normal Distribution 
<.819 .819-.940 .940-1.060 1.060-1.181 1.81-1.301 >1.301 
ECC 
Figure 2.8. ECC for the 8819 dosimeter chips in position iii. The normal distribution is 
for a standard deviation of 0.1205 which is the deviation of the position (iii) chips. 
appears to be kurtotic. NIST defines kurtosis as "a measure of whether the data are 
peaked or flat relative to a normal distribution" (National Institute of Standards and 
Technology, 2006). The formula used to calculate the kurtosis of a sample population 
(gi) is: 
eq. 2.9 
This equation yields a g2 value of 1.13 for position iii, indicating the sample data is 
slightly leptokurtic, compared to a g2 value of zero for a Gaussian distribution and 0.114 
for the positions (i), (ii), and (iv). It is possible that the non-normal values for the 
position (iii) sample data could be caused by the limited number of data points (49) as 
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compared to positions (i), (ii), and (iv) (147). This non-normal distribution does not 
affect the outcome of the experiment data, or the conclusions drawn from that data, in 
any way. 
Once the ECC was determined, the TLDs were returned to ISU where they were 
divided into four groups and exposed (using the same source) to three different doses so a 
dose calibration curve could be determined. The doses to which the TLDs were exposed 
were lOmrem, 50mrem, and lOOmrem. The photons from the accelerator range from 
200keV to 6MeV. The actual energy distribution, as provided from Varian, for the 
6MeV electron beam is shown in Fig. 2.9. Comparison of Fig. 2.9 and 2.3 indicates 
6 MeV Beam - Monoenergetic Electron Beam 
1.20E-05 
c 1.00E-05 
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0.00E+00 
0 1 6 
Energy (MeV) 
Figure 2.9. X-ray energy distribution of a Varian 6 MeV electron beam incident upon a 
target to produce Bremsstrahlung radiation. The data for the x-ray production probability 
was provided by Varian. 
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that a calibration performed using Cs is valid for the photon spectrum given by the 
Varian 3 and 6 MeV accelerator since there is no observable change in the energy 
dependence of LiF over the photon range emitted by the accelerator. During the read out 
of the dosimeters it was noted that the nitrogen gas in positions (iii), and (iv) was not 
heating up to the full 300°C and that the temperature ramp rate was also erratic. Due to 
this equipment malfunction, an accurate calibration curve for TLD chips in the (iii), and 
(iv) positions was not obtained. As a result, any data obtained from chips in these two 
positions was not reported or analyzed. Fig. 2.10 shows the calibration curve calculated 
Calibration Curve For 8810 TLDs 
y =0.1923x+0.4635 
R2 = 0.9987 
y=0.2103x+0.2381 
R2 = 0.9991 
• Position (i) 
• Position (ii) 
_ a 
%;:-'' 
' - ' ' ' 
9' 
1 1 1 1 1 1 
0 20 40 60 80 100 120 
Dose (mrem) 
Figure 2.10 Dose calibration curve of the 8810 TLD assemblies for chips in the (i) and 
(ii) positions. The light output is shown as a function of dose. 
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a 
a-
3 
o s 
for positions (i) and (ii). The calibration formulas were calculated to be: 
LP-0 .46 ±1.04 
0.19 ±0.02
 Eq. 2.11 
and: 
L<9-0.24 ±0.75 
0.2110.01
 Eq. 2.12 
for positions (i) and (ii) respectively. The uncertainties were calculated using Eqs. 2.4 
thru 2.8. 
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CHAPTER 3 
DOSE FROM A 320-SLICE CT MACHINE 
This portion of the work was performed at the Nevada Imaging Center - Spring 
Valley (NIC) in Las Vegas, Nevada. This building is a medical facility that has several 
different imaging devices used to diagnose ailments and injuries in patients. One of these 
devices is a Toshiba Aquilion One 320-Slice CT scanner. This machine is currently used 
by NIC to image patients during business hours. The experiments were performed using 
this machine after regular operating hours. 
(3.1) Methods and Materials 
To determine the dose to an individual undergoing a chest scan from an Aquilion 
One 320 slice CT machine, TLD 100 microcubes were placed in two external and nine 
internal locations on a Lawrence Livermore National Laboratory (LLNL) Torso 
Phantom. The nine internal locations are listed in Table 3.1. The LLNL Phantom, shown 
Table 3.1 Nine locations in the LLNL Phantom where microcubes were placed. 
Number Anatomical Location 
1 Left Trachea 
2 Right Trachea 
3 Medial Ventral Heart 
4 Right Medial Dorsal Ribcage 
5 Left Medial Dorsal Ribcage 
6 Left Lung Dorsal 
7 Left Lung Ventral 
8 Right Lung Dorsal 
9 Right Lung Ventral 
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in Fig 3.1, was used with just the core plate (which is muscle equivalent) with no 
overlays. It has an average thickness of 1.56cm on the right side and 1.53cm on the left. 
Figure 3.1 Photograph of the LLNL Torso Phantom with the chest cover removed. The 
picture on the right has the gut and heart pieces removed so that lungs and esophagus can 
be seen. 
The average thickness over the liver is 1.46cm. Two microcubes were placed at each 
location except for the two locations in the esophagus which received one microcube. 
The two external locations were at positions 1-14 and V-14 (LLNL Phantoms have a grid 
on the front of the torso) which corresponds to the location of the nipples on an 
individual. Photographs of each location are included in the Appendix I. TLDs 6, 7 8, 9 
were inserted 2.54cm into the lung via the predrilled holes created during the 
manufacturing process. The TLDs (placed within 2.54cm x 2.54cm ziploc bags) were 
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secured in place with 3M Transpore 2.54cm Tape to ensure they would not move when 
the phantom organs were placed back within the phantom. 
The 320-slice Aquilion CT scanner was set up with a slice thickness of 0.5mm 
and to operate at a potential of 120kVp, a current of 250mA, and a total scan time of one 
second. The phantom was placed on the CT table so that the laser guidelines of the CT 
scanner intersected location A-9 on the phantom. A scout, which is an x-ray of the 
person to be scanned to make sure that the area of interest will be in the field of view, of 
the phantom was not run. This same setup was used for each CT scan. A total of six 
different shielding geometries were examined. 
An ethylene copolymer with antimony and bismuth was used to reduce the dose 
to the phantom from low energy x-rays. Plastic packing tubes filled with air were placed 
between the phantom and the shielding which created ~5cm air gap so that there would 
be less streaking in the CT image. Streaking is a CT artifact where white streaks appear 
across the image. According to Barrett & Keat, streaking is caused "because the density 
of the metal is beyond the normal range that can be handled by the computer, resulting in 
incomplete attenuation profiles" (2004, p. 1685). The six different shielding geometries 
that were studied were: 1) no shielding; 2) 0.05 mm of shielding in the front and in the 
back; 3) 0.22mm of shielding in the front and 0.05mm of shielding the back; 4) 0.22mm 
of shielding in the front and 0.05mm cut in a checkerboard pattern in the back; 5) 
0.1 lmm of shielding in the front and 0.05mm in the back; and 6) 0.11mm of shielding in 
the front and no shielding in the back. During the course of the experiment it was noted 
that the top shielding was not properly aligned during one of the scans (0.1 lmm top and a 
solid 0.05mm thick shield). When this was discovered, the scan was repeated with only 
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one TLD in each location. All the other geometries were only scanned one time. The 
TLDs were then read out over the next two days and when they were not being read they 
were stored in a refrigerator to reduce fading. 
(3.2) Results and Discussion 
The results from the initial scan with 0.11mm of top shielding and 0.05 mm of 
shielding on the bottom were not consistent with the other results, due to improper 
placement of the front shield, so they were not included in the discussion, although they 
are included in Appendix IV for completeness. There was one location where the wrong 
microcube numbers were recorded so the doses in this location were not measured. This 
location was in position 8 of run 3 which had 0.022mm of shielding in the front and a 
solid 0.05mm shield in the back. The results of the analysis are shown in Table 3.2. 
Table 3.2. Average dose at the given location in the LLNL Phantom. All values are 
shown in mrem. The column heading number in parenthesis is the run number, the 
second number is the thickness in mm of the top copolymer; the third number is the 
thickness (mm) of the bottom pad; and the letter indicates whether the bottom pad is solid 
(S) or checked (C). 
Num 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1-14 
V-14 
(1) 
No 
Shield 
1293 
1297 
2098 
957 
940 
977 
1343 
1123 
2257 
2333 
2130 
2a 
97 
97 
145 
78 
77 
79 
100 
88 
155 
159 
208 
(2) 
0.05 
0.05 
S 
667 
632 
1196 
538 
624 
659 
807 
574 
1199 
1541 
1478 
2a 
88 
85 
92 
55 
60 
61 
70 
57 
92 
112 
108 
(3) 
0.22 
0.05 
S 
546 
549 
432 
499 
477 
333 
447 
— 
1036 
1100 
519 
2a 
78 
78 
48 
52 
51 
42 
49 
— 
83 
86 
54 
(4) 
0.22 
0.05 
C 
458 
402 
521 
474 
706 
517 
477 
416 
480 
518 
558 
2a 
71 
66 
54 
51 
64 
53 
51 
47 
51 
53 
56 
(5) 
0.11 
0.05 
S 
622 
650 
842 
534 
536 
471 
572 
537 
930 
1153 
889 
2a 
84 
86 
101 
77 
77 
72 
80 
77 
108 
126 
105 
(6) 
0.11 
None 
784 
808 
898 
774 
801 
758 
754 
660 
992 
1184 
1056 
2a 
97 
99 
75 
68 
69 
67 
67 
87 
80 
91 
84 
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According to Tyan, Tsai, Hung, Lia, & Chen, the entrance dose (ESD) from a Siemens 
Sensation 64 Slice CT machine operating at 120kVp and 180mAs range from 1180 to 
1940mrem and averages 1700mrem (2008, pp. 1013-1014). This is equivalent to an 
average ESD of 2360mrem at 250mAs, which is the same ESD (2233 ± 262mrem at 2a, 
the average dose to 1-14 and V-14) delivered by the Aquilion One. The dose per slice is 
the same for both machines; however, the larger field of view of the CT allows 16cm to 
be imaged in a single scan. This results in fewer total number of slices since not as many 
images will be needed to stitch together an image of an organ. Since the 64-slice scanner 
can only image 3.2cm at a time it requires five rotations to image the same volume that 
the 320-slice scanner can image in one rotation. Shielding does result in a lower dose to 
patient. It would be expected that the greatest dose reduction would be observed in run 3. 
However, the greatest overall dose reduction was identified to be provided by the 
shielding used in run 4. It is possible that the front shielding used in run 3 was not 
properly placed and may have been placed so that the right side of the phantom was not 
covered by 0.22mm of shielding. This would explain the ventral dose readings from the 
right side of the phantom which more closely match the measurements obtained from the 
right ventral side of the phantom in run 5 (positions 1-14 and 9). The readings from the 
front, left side of the phantom also closely match the reading from run 4 (positions V-14 
and 7). The fraction of each dose, compared to the unshielded dose, for each shielding 
geometry was then determined (Table 3.3). This shows that for all shielding thicknesses 
the doses in all locations were decreased by at least 25% except for run 6 which did not 
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Table 3.3. Fraction of the unshielded dose for each location and sampling geometry. The 
column headings are identical to those in Table 3.2. 
Num. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1-14 
V-14 
(2) 
0.05 
0.05 S 
0.52 
0.49 
0.57 
0.56 
0.66 
0.67 
0.60 
0.51 
0.53 
0.66 
0.72 
I 
0.04 
0.04 
0.03 
0.04 
0.04 
0.04 
0.03 
0.03 
0.03 
0.03 
0.03 
(3) 
0.22 
0.05 S 
0.42 
0.42 
0.21 
0.52 
0.51 
0.34 
0.33 
— 
0.46 
0.47 
0.25 
a 
0.03 
0.03 
0.01 
0.03 
0.03 
0.03 
0.02 
— 
0.02 
0.02 
0.01 
(4) 
0.22 
0.05 C 
0.35 
0.31 
0.25 
0.50 
0.75 
0.53 
0.36 
0.37 
0.21 
0.22 
0.27 
a 
0.03 
0.03 
0.02 
0.03 
0.05 
0.03 
0.02 
0.03 
0.01 
0.01 
0.02 
(5) 
0.11 
0.05 S 
0.48 
0.50 
0.40 
0.56 
0.57 
0.48 
0.43 
0.48 
0.41 
0.49 
0.43 
a 
0.04 
0.04 
0.03 
0.05 
0.05 
0.04 
0.03 
0.04 
0.03 
0.03 
0.03 
(6) 
0.11 
None 
0.61 
0.62 
0.43 
0.81 
0.85 
0.78 
0.56 
0.59 
0.44 
0.51 
0.51 
a 
0.04 
0.04 
0.02 
0.05 
0.05 
0.05 
0.03 
0.05 
0.02 
0.03 
0.02 
have any shielding on the back. With 0.22mm of antimony/bismuth shielding in the 
front, the dose reduction was 50%. To make the results of this table easier to interpret the 
fractional dose measurements are shown in Fig 3.2. From this plot it can be determined 
Fractional Dose for Different Shielding Geometries in Given Locations 
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Figure 3.2. Fractional dose delivered to the various measurement locations on the 
phantom for the different runs. Error bars are shown at la. 
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that the lowest dose reduction occurs at the dorsal ribcage (position 4 and 5) of the 
phantom which is located on the back of the phantom where the shielding is the thinnest 
(0.05mm). It can also be seen that in run 4 the shielding at the dorsal ribcage on the back 
of the phantom has a dose reduction of 50 ± 3% at position 4 and 75 ± 5% at position 5. 
This large variation could be caused by the checkered pattern used in the back shielding, 
but since only one run was performed with the checkered back shielding this is just 
speculation. It can also be seen that the greatest dose reduction for most shielding 
geometries occurs at the chest (1-14, and V-14) which were the two locations on the 
outside of the phantom. These two locations have the largest dose reduction because a 
large contributor to the dose is from low energy photons which are easier to attenuate 
using the antimony/bismuth pads. These low energy photons are attenuated by the body 
so they do not significantly contribute to the dose measured within the phantom, nor to 
the resulting image (Fig. 3.3). 
Figure 3.3. Typical CT images of the LLNL Phantom showing the different geometries. 
Each picture is of the same location within the phantom with the image on the left having 
no shielding and the image on the right having 0.22mm and 0.05mm of shielding on the 
top and bottom, respectively. The white streaks circled in the lungs two of the microcube 
TLDs. The window and Hounsfield Unit (HU) level are identical for both images. 
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As was expected, there was significantly more streaking in the images where the 
copolymer pads were used when the scan was taken (Fig 3.3). The images show that 
while streaking does occur, it doesn't occur within the area of interest and doesn't affect 
the diagnostic quality of the images, as long as a ~5.0cm air gap is maintained between 
the shielding and the patient's chest. This indicates that it is possible to reduce the dose 
to patients by more than 25% and in some cases at least 50%, by using antimony and 
bismuth powders bound in an ethylene copolymer, and still maintain the high resolution 
and image quality necessary to make accurate diagnosis using CT images. 
47 
CHAPTER 4 
DOSE FROM A LINEAR ACCELERATOR 
This portion of the work was performed at the Varian Medical Systems Inc., 
Security and Inspection Products facility in Las Vegas, Nevada. The facility where the 
research was performed was a large warehouse type building known as the "scan bay" 
that was approximately 110ft by 50ft. The building had a large door at either end that 
would allow a semi-trailer access to the building. The doors were interlocked so that the 
linear accelerator would not operate while they were open. Inside the building was an 
area for the vehicle to stop where it would be scanned by an accelerator mounted on a 
moving gantry system. On the opposite side of the gantry from the accelerator was the 
imaging detector which acquired the image and transmitted it to the operator's computer 
in the control room. The control room could be accessed through a maze from the scan 
bay. While scanning, the accelerator was set to operate at 2.7ms pulse"1 with three pulses 
per view, which meant that the detector had an integrating time of 8.1ms for each image. 
(4.1) Isodose Lines 
Isodose lines were measured using four Fluke 45IP ion chambers for two energies 
in order to determine the exclusion area for unshielded cargo imaging. The ion chambers 
were set up to integrate the dose over the length of the scan so the dose per scan could be 
determined at each location in the room, additionally the peak exposure rate was also 
recorded. The Fluke 45IP has a slight energy dependence that exponentially decreases 
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from 1.1 to 1.0 over the photon energy range of lOOkeV to lOOOkeV. It was determined 
that this slight energy dependence would not significantly affect the results at high 
energies when compared to the 10% uncertainty typically associated with this hand held 
instrument. The different energy contours were obtained using a Varian dual energy x-
ray imaging system operating with pulse energies of 3 and 6MeV. An initial accelerator 
calibration with an empty scan bay was done before any measurements were taken. The 
measurements were taken with the target being an empty 52ft semi-trailer. Two exposure 
measurements were taken at both ground level, and at one meter, at the same locations 
for both energies. Measurements were taken at 28 locations, for a total of 112 
measurements for each of the given energies. The measurement locations were spread 
throughout the imaging room, and the results were entered into the spatial interpolation 
(kriging) software Surfer Pro to determine the isodose contours 
Each location was marked with tape for reproducibility and a grid coordinate 
system was developed with the center of the scan area being zero on the x-ordinate and 
the location where the scan ended (on the entrance side of the scan bay) being zero on 
the y-ordinate. Every location where a reading was taken was assigned a grid coordinate 
based on this set-up. Between the measurements taken at 6MeV and 3MeV, the start and 
stop location of the accelerator gantry system was shifted two feet in the y-direction. 
Measurements were taken at the same physical locations, as marked by the tape, but the 
shift was recorded and accounted for in the assigned y-ordinates. The locations 
measured, as well as the developed grid coordinate system, are shown in Fig. 4.1. 
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Location where 
• measurement 
taken 
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accelerator and 
gantry 
-20 -10 0 
Distance (Feet) 
Figure 4.1. The 28 locations where dose and dose rate measurements were taken to 
determine the isodose contours for the linear accelerator operating at 3 and 6MeV. 
Additionally, the gantry system was operated at a velocity of 400mm s" when the 
accelerator was operating at 6MeV and 300mm s"1 when the accelerator was operating at 
3MeV. 
50 
Once the measurements were taken, the interlock system for the doors was 
disabled and the dose outside the facility was measured to establish the location of the 
2mR hr" line. The accelerator was positioned as close as possible to the open door (at 
position zero on the y-ordinate) and the gantry was then immobilized. The Fluke 45 IP 
Ion chambers were set to measure dose rate and were located 1 meter above ground. The 
accelerator beam was then turned on for three minutes. These measurements were also 
assigned grid coordinates using the method described earlier. 
(4.2) Human Dose 
To determine the dose to stowaways a Lawrence Livermore National Laboratory 
(LLNL) torso phantom was used to simulate an individual. The phantom was placed in 
seven locations within the cargo container on a three foot table to simulate a standing 
person. The seven locations are shown in Fig. 4.2. The phantom was oriented so that 
Cargo Trailer 
Scanning Direction of beam 
• v 
Collimator/Source Beam 
Figure 4.2. Diagram of the set-up used to determine the dose to a potential stowaway in 
the cargo container. The x-ray source, cargo container, and the various locations of the 
LLNL phantom are shown. 
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the front of the phantom was facing the accelerator. Harshaw 8810 dosimeter assemblies 
were placed in a personnel dosimeter holder which was taped to the phantom. It was 
placed in such a way that the top left comer of the TLD carrier was aligned with grid 
point M-12 on the phantom. An additional TLD was placed at the back of the phantom 
opposite the TLD at the front of the phantom to measure the dose of the radiation field 
leaving the phantom. Care was taken to ensure the tape did not cover any of the filters of 
the TLD holder. 
To simulate the presence of a driver, the LLNL phantom was placed in the 
driver's seat and a TLD was placed in the left armpit of the phantom. A second TLD was 
placed in the right armpit of the phantom and an additional TLD was positioned near 
where the thyroid would be located in a real person. After one scan the TLDs were 
removed and an additional two TLDs were then placed in the armpits of the phantom and 
scanned 5 times at 6MeV and nine times at 3MeV. While operating the accelerator at 
6MeV the truck was then pulled forward so that the cab was out of the scan, and the scan 
started at the front set of drive wheels. Since the dose to the driver in this configuration 
was expected to be low, the TLDs were scanned a total of seven times. In addition two 
45 IP ion chambers were also placed in the cab and the total exposure was measured and 
recorded. 
(4.3) Results and Discussion 
The results of the measurements with the 45 IP ion chambers showed that in all 
cases the highest dose and dose rate readings were obtained at one meter, as opposed to 
ground level. Since the highest measurements were at one meter, all of the successive 
graphs are shown using the one meter measurements. The results of the isodose line plots 
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for the accelerator operating at 3MeV are shown in Fig. 4.3. Fig. 4.4 shows the results 
when the accelerator is operating at 6MeV. Fig. 4.5 and 4.6 show locations 1-12, 26, 
and 28 with the results of when the interlock was disabled for operating voltages of 3 and 
6MeV respectively. These figures show that when the accelerator is operating at 3MeV, 
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Figure 4.3. Dose rates at a height of one meter with the accelerator operating at 3Mev 
and traveling at 30cm s"1. All values shown are in mR hr" . 
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Figure 4.4. Dose rates at a height of one meter with the accelerator operating at 6Mev 
and traveling at 40cm s"1. All numbers shown are in mR hr" . 
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Figure 4.5. Isodose lines for the accelerator operating at 3MeV and the measurements 
used to help determine the 2mR hr"1 line. All values shown are in mR hr"1. 
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Figure 4.6. Isodose lines for the accelerator operating at 6MeV and the measurements 
used to help determine the 2mR hr"1 line. All values shown are in mR hr"1. 
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the 2mR hr" line is reached 22ft from the end of the scan location, and 37ft from the end 
of the scan location when the accelerator is operating at 6MeV. When these results are 
compared to the results of locations 25 - 28, it would be expected that this accelerator 
could be operated outdoors, without shielding, as long as there was a standoff distance of 
22ft when operating at 3MeV and 35ft when operating at 6MeV. 
The TLDs used to measure the dose in the cab and trailer of the truck were not 
sensitive enough to always measure the doses on the back of the phantom when only one 
scan was performed while operating at 3MeV (Table 4.1). The dose at the back of the 
Table 4.1. Doses obtained from the 8810 TLD assemblies in positions (i) and (ii) when 
the accelerator was operating at 3MeV. The area is the spot in the truck measured; 
location is where in the area the phantom was placed; and side is which side of the 
phantom the TLD was placed. Position (i) shows the dose with the charged particle 
contribution removed and (ii) is the whole body (deep) dose. 
(i) Dose (ii) Dose 
per Scan a per Scan a 
Area 
Cabx9 
Cabx9 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Location 
Driver's 
Driver's 
1 
2 
3 
3 
4 
5 
5 
6 
7 
7 
Seat 
Seat 
Side 
Left 
Right 
Front 
Front 
Front 
Back 
Front 
Front 
Back 
Front 
Front 
Back 
(mrem) 
4.4 
2.9 
14.1 
2.9 
5.9 
1.2 
3.1 
6.4 
2.6 
5.4 
14.9 
3.1 
(mrem) 
0.7 
0.6 
5.5 
5.4 
5.4 
5.4 
5.4 
5.4 
5.4 
5.4 
5.6 
5.4 
(mrem) 
5.6 
3.4 
13.3 
-0.6 
5.1 
1.6 
3.9 
7.1 
2.4 
5.4 
9.5 
3.0 
(mrem) 
0.5 
0.4 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
phantom could be measured at all locations when operating at 6MeV, although the 
measured dose was less than the uncertainty. In addition, the dose to the driver when the 
scan was started at the first set of drive wheels and he was never directly in the beam was 
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also too low to measure using LiF dosimeters. However, the total exposure measured 
with the Fluke 45IP Ion chambers during these seven scans was 1.57mR; which equates 
to the driver receiving 224|AR per scan. The doses measured when the accelerator was 
operating at 6MeV are shown in Table 4.2. If the doses to the TLDs on the front of the 
Table 4.2. Doses obtained from the 8810 TLD assemblies in positions (i) and (ii) when 
the accelerator was operating at 6MeV. The area is the spot in the truck measured; 
location is where in the area the phantom was placed; and side is which side of the 
phantom on which the TLD was placed. Position (i) shows the dose with the charged 
particle contribution removed and (ii) is the whole body (deep) dose. 
Area 
Cab 
Cab 
Cabx5 
Cabx5 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Location 
Beam 
Beam 
Beam 
Beam 
1 
1 
2 
2 
3 
3 
4 
4 
5 
5 
6 
6 
7 
7 
Side 
Left 
Right 
Left 
Right 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
(i) Dose 
per Scan 
(mrem) 
11.7 
4.4 
15.5 
6.8 
3.4 
18.4 
5.6 
13.6 
3.0 
16.0 
4.2 
15.2 
3.5 
16.7 
3.9 
14.9 
2.9 
15.2 
la 
(mrem) 
5.5 
5.4 
1.7 
1.2 
5.4 
5.6 
5.4 
5.5 
5.4 
5.6 
5.4 
5.6 
5.4 
5.6 
5.4 
5.6 
5.4 
5.6 
(ii) Dose 
per Scan 
(mrem) 
15.4 
5.1 
17.0 
7.4 
6.0 
17.7 
5.1 
16.0 
5.3 
15.2 
4.1 
13.6 
6.0 
17.4 
6.2 
16.3 
5.1 
18.3 
la 
(mren 
3.7 
3.6 
1.2 
0.8 
3.6 
3.7 
3.6 
3.7 
3.6 
3.7 
3.6 
3.6 
3.6 
3.7 
3.6 
3.7 
3.6 
3.7 
phantom in the trailer area are averaged for each energy, the average whole body doses to 
a potential stowaway in the back of the truck is 6.3±2.7mrem and 16.3±2.8mrem, at a 
95% CI, for 3 and 6MeV, respectively. At 3MeV this dose is approximate to the 
effective dose from a typical chest x-ray procedure, and twice the dose at 6MeV. The 
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dose for an X-Ray procedure is given as 6mrem; 4mrem from the lateral x-ray and 
2mrem from the posteroanterior x-ray (Wall & Hart, 1997, p. 438). This dose is also 
comparable to the average dose of 4.7mrem delivered to the chest of a stowaway, in the 
center of a 12.19m (40ft) cargo container measured by Kahn, Nicholas, & Terpilak 
(2004, p. 490). This dose was delivered by a Mobile Container X-ray-MeV (CXR-6M) 
using a linear accelerator operating at 6MeV and 33.3ms per pulse (Kahn, Nicholas, & 
Terpilak, 2004, pp. 489-490). The deep dose to the driver if he were to remain within the 
truck during the scan would be 5.5±0.5mrem and 17.0±1.2mrem, respectively. This data 
suggests that it is necessary for the driver to leave the vehicle prior to it being scanned; 
depending on how many times a year the driver would be scanned. It should be noted 
that these tests were run with an empty a trailer, and that a trailer transporting a high Z 
material may increase the dose to the driver due to scattering. The data also suggests that 
it would not be necessary from an exposure point of view for the operator of the vehicle 
to disembark prior to a scan if the scan was set-up to begin at the first set of drive wheels 
on a tractor trailer and the driver were classified as a radiation worker. Using the 
exposure obtained with the 45 IP at 6MeV (224u.R scan"1), and assuming the driver 
passed through the portal 8times day"1, 5days week"1, 52weeks year"1, the annual 
exposure to the vehicle operator would be 465mR. This is below the 500mrem limit to a 
fetus of a pregnant worker, and well below the 5rem year"1 occupational dose limits 
established by the Nuclear Regulatory Committee (NRC) and Occupational Safety and 
Health Administration (OSHA). 
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CHAPTER 5 
CONCLUSION 
The results of these experiments show that the entrance skin dose (ESD) per slice 
from the Toshiba Aquilion One 320-Slice CT machine is similar to that of a Siemens 
Sensation 64-Slice CT machine, 2232±262mrem compared to 2360mrem. Since the 
Aquilion One can image larger areas, 16cm compared to 3.2cm, a scan by the Toshiba 
machine would require fewer images to be stitched together resulting in fewer 
overlapping slices in order to obtain a full image of an organ. This would result in a 
decreased dose to the patient when organs larger than 3.2cm were imaged. 
The use of an antimony and bismuth powder suspended in an ethylene copolymer 
for shielding in CT examinations further decreases the patient's dose. The dose reduction 
observed ranged from 25% for 0.05mm of shielding on the front and back to 50% dose 
reduction for 0.22mm of shielding on the front and 0.05mm of shielding on the back. 
The largest dose reductions were observed in the ESD to the chest of the phantom 
(positions 1-14 and V-14), and the smallest dose reduction observed occurred at the 
ventral side of the dorsal ribcage; probably due to the thin layer (0.05mm) of copolymer 
used to shield the back. As long as there was as a ~5.0cm air gap between the chest of 
the patient and the shield, streaking from the shield did not affect the image quality of the 
CT images. 
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It was determined that the 2mR hr"1 line for the Varian accelerators was 22ft from 
the end of the scan location when operating at 3MeV, and 35ft from the accelerator when 
it was operating at 6MeV. The average dose to a potential stowaway in a cargo container 
was 6.3±2.7mrem and 16.3±2.8mrem, at a CI of 95%, when operating at 3MeV and 
6MeV respectively. This dose is comparable to that delivered by other accelerator 
scanning systems and is equivalent to a few chest x-rays. The dose to the driver, with a 
95% CI, when the accelerator is operating at 3MeV and 6Mev is 5.6±1.0 and 
17.0±2.4mrem respectively. At this dose the driver would need to dismount the vehicle 
prior to the scan. If the scan were set up to start behind the cab at the front set of drive 
wheels, the exposure to the driver would be 224jxR scan"1. This equates to an annual dose 
of 465mR year"1, which would be considered a safe annual exposure limit. This would 
allow the driver to remain in his vehicle during scans, increasing the number of vehicles 
that could be scanned each day. 
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APPENDIX I 
LOCATIONS OF TLDS WITHIN THE LLNL TORSO PHANTOM 
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APPENDIX II 
THERMOLUMINESCENT DOSIMETER ELEMENT CORRECTION 
COEFFECIENTS 
TLD 
2001 
2002 
2003 
2004 
2005 
2006 
2007 
2008 
2009 
2010 
2011 
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021 
2022 
2023 
2024 
2025 
2026 
2028 
2029 
2030 
2031 
2032 
2033 
2034 
2035 
2036 
ECC 
1.002 
1.007 
0.9984 
0.9249 
0.9333 
0.9291 
0.9058 
0.9825 
0.9856 
0.9681 
0.9212 
1.022 
0.9925 
0.9135 
1.044 
0.9867 
0.9063 
1.071 
1.073 
0.9376 
1.019 
0.9904 
0.9448 
1.019 
0.9112 
1.067 
1.009 
1.098 
1.063 
0.9443 
1.002 
1.046 
1.027 
0.9968 
1.026 
TLD 
2037 
2038 
2039 
2040 
2041 
2042 
2043 
2044 
2045 
2046 
2047 
2048 
2049 
2050 
2051 
2052 
2053 
2054 
2055 
2056 
2057 
2058 
2059 
2060 
2061 
2062 
2063 
2064 
2065 
2066 
2067 
2068 
2069 
2070 
2071 
ECC 
0.9820 
1.010 
1.062 
0.9763 
0.9615 
1.030 
0.9185 
0.9862 
0.9878 
1.039 
1.060 
0.9936 
0.9883 
0.9492 
0.9640 
1.049 
0.9676 
0.9605 
1.026 
1.004 
0.9555 
0.9727 
1.054 
1.111 
0.9352 
1.167 
1.073 
1.038 
0.9701 
0.9438 
1.028 
0.9585 
1.028 
0.9448 
1.160 
TLD 
2072 
2073 
2074 
2075 
2076 
2077 
2078 
2079 
2080 
2081 
2082 
2083 
2084 
2085 
2086 
2087 
2088 
2089 
2090 
2091 
2092 
2093 
2094 
2095 
2096 
2097 
2098 
2099 
2100 
3000 
3002 
3003 
3004 
3005 
3006 
ECC 
1.024 
0.9244 
1.025 
1.027 
0.9645 
1.090 
0.9081 
1.059 
1.063 
0.9395 
0.9019 
0.9258 
0.9773 
0.9841 
0.9794 
1.004 
1.015 
0.9846 
0.9758 
1.045 
1.119 
1.089 
1.039 
1.030 
1.119 
1.186 
1.014 
0.9888 
1.015 
0.8947 
1.030 
0.9049 
0.9217 
1.057 
1.114 
TLD 
3007 
3008 
3009 
3010 
3011 
3012 
3013 
3014 
3015 
3016 
3018 
3019 
3020 
3021 
3023 
3024 
3025 
3026 
3027 
3028 
3029 
3030 
3031 
3032 
3033 
3034 
3035 
3036 
3037 
3038 
3039 
3040 
3042 
3043 
3044 
ECC 
1.054 
1.011 
0.9356 
1.022 
0.9629 
0.9427 
0.9495 
0.9175 
0.9690 
0.9610 
0.9383 
1.085 
0.9752 
0.9800 
0.9401 
0.9795 
1.070 
1.066 
1.029 
0.9582 
0.8434 
1.063 
0.9091 
1.024 
0.9780 
1.040 
1.058 
1.093 
1.020 
0.9952 
1.000 
0.9175 
1.003 
0.9997 
1.032 
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TLD 
lOOt 
lOlt 
102t 
103t 
104t 
105t 
106t 
107t 
109t 
l i l t 
112t 
114t 
115t 
116t 
117t 
118t 
119t 
120t 
121t 
122t 
123t 
124t 
125t 
126t 
127t 
Position 
(i) ECC 
1.067 
0.9896 
0.9818 
0.9490 
0.9099 
1.021 
0.9398 
1.041 
0.9498 
1.063 
0.9358 
0.9745 
1.064 
0.9848 
0.9463 
0.9481 
1.015 
0.9804 
0.9621 
1.010 
1.027 
0.9264 
1.042 
0.9179 
0.9044 
Position Position 
(ii) 
ECC 
1.035 
0.9574 
1.079 
0.9740 
1.024 
0.9136 
1.048 
0.9269 
1.019 
1.012 
1.028 
1.027 
1.017 
1.028 
1.042 
0.9313 
1.064 
0.9668 
0.9608 
1.128 
1.092 
1.046 
0.9581 
1.078 
1.060 
(iii) 
ECC 
1.009 
0.9808 
0.9586 
1.335 
1.004 
0.8678 
1.177 
0.9450 
0.9589 
0.9318 
0.9888 
1.249 
1.036 
0.9755 
0.9744 
1.210 
1.335 
0.9777 
1.0907 
1.062 
0.9329 
1.2688 
0.9796 
1.400 
1.055 
Position 
(iv) 
ECC 
1.024 
1.036 
1.050 
0.9494 
1.029 
0.9424 
0.9345 
0.9995 
0.9045 
1.029 
0.9670 
1.106 
0.9646 
1.021 
1.068 
0.9666 
0.9768 
0.9288 
0.9571 
1.001 
0.9717 
0.9636 
1.059 
0.9145 
0.9669 
Position 
TLD (i) ECC 
128t 
129t 
130t 
131t 
132t 
136t 
137t 
138t 
139t 
140t 
141t 
142t 
143t 
144t 
146t 
147t 
148t 
150t 
151t 
152t 
153t 
154t 
155t 
156t 
0.9710 
0.9791 
0.9757 
1.006 
1.060 
0.9233 
0.9988 
1.096 
0.9756 
0.9672 
0.9662 
0.9133 
1.043 
0.9572 
0.9729 
1.055 
1.122 
1.041 
0.9929 
1.049 
0.9149 
1.109 
1.081 
0.9637 
Position Position Position 
(ii) 
ECC 
1.131 
0.9927 
1.054 
0.9484 
0.9480 
1.041 
0.9899 
0.9561 
0.9343 
0.9927 
0.9262 
1.007 
0.9338 
0.9771 
1.001 
1.021 
1.035 
1.081 
1.044 
0.9060 
1.039 
0.9990 
1.013 
1.015 
(iii) 
ECC 
1.189 
1.012 
1.349 
1.006 
0.9884 
1.164 
0.9721 
0.9589 
1.009 
1.041 
1.000 
1.053 
1.028 
1.125 
1.018 
0.9443 
1.087 
1.021 
1.146 
0.9869 
0.9294 
0.9740 
0.9989 
0.9353 
(iv) 
ECC 
1.020 
0.9491 
0.9850 
1.110 
0.9859 
0.9278 
1.005 
0.9805 
0.9031 
1.013 
0.9949 
0.9707 
1.053 
0.9996 
1.069 
0.9445 
1.072 
1.043 
1.016 
0.9816 
1.004 
1.034 
0.9445 
1.033 
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APPENDIX III 
DATA USED TO DETERMINE CALIBRATION CURVES 
ECC ECC 
Dose Corrected Dose Corrected 
TLD (mrem) Light Output TLD (mrem) Light Output 
3125 
3127 
3131 
3092 
3098 
3102 
3103 
3106 
3107 
3108 
3110 
3112 
3116 
3118 
3120 
3121 
3124 
3079 
3080 
3086 
3087 
3088 
3089 
3090 
3062 
3067 
3069 
3071 
3074 
0.1998 
0.1998 
0.1998 
21.49 
21.49 
21.49 
21.49 
21.49 
21.49 
21.49 
51.66 
51.66 
51.66 
51.66 
51.66 
51.66 
51.66 
102.8 
102.8 
102.8 
102.8 
102.8 
102.8 
102.8 
201.2 
201.2 
201.2 
201.2 
201.2 
10.44 
14.76 
12.37 
20.06 
16.09 
14.15 
12.73 
9.97 
11.31 
11.72 
15.33 
21.21 
15.55 
16.96 
17.14 
15.44 
15.99 
17.79 
20.64 
19.51 
21.18 
19.98 
20.00 
15.34 
27.91 
29.85 
28.77 
31.12 
28.84 
3075 
3076 
3049 
3050 
3053 
3058 
3059 
3038 
3039 
3042 
3043 
3044 
3047 
3048 
3021 
3024 
3027 
3028 
3032 
3034 
3037 
3002 
3008 
3010 
3011 
3015 
3016 
3020 
201.2 
201.2 
505.0 
505.0 
505.0 
505.0 
505.0 
1011 
1011 
1011 
1011 
1011 
1011 
1011 
1506 
1506 
1506 
1506 
1506 
1506 
1506 
1998 
1998 
1998 
1998 
1998 
1998 
1998 
29.34 
25.85 
49.42 
50.19 
47.33 
47.92 
49.29 
82.46 
81.18 
82.64 
72.61 
85.58 
89.28 
81.41 
96.62 
98.24 
103.1 
106.8 
104.5 
108.2 
106.7 
133.3 
132.8 
123.6 
135.2 
137.6 
132.5 
131.5 
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Position Position 
(i) Light (ii) Light 
TLD 
lOOt 
lOlt 
102t 
104t 
107t 
109t 
l i l t 
112t 
115t 
116t 
117t 
120t 
121t 
122t 
123t 
125t 
127t 
129t 
131t 
132t 
137t 
Dose 
(mrem) 
10 
10 
10 
10 
10 
10 
10 
50 
50 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
100 
100 
Output 
(nC) 
6.151 
5.831 
5.61 
5.24 
5.208 
4.575 
5.152 
15.11 
15.15 
13.32 
15.08 
14.66 
11.05 
11.13 
27.46 
27.67 
23.93 
24.69 
20.71 
18.41 
16.33 
Output 
(nC) 
5.413 
5.623 
5.412 
5.03 
4.994 
4.941 
5.1 
15.28 
15.29 
13.8 
14.97 
14.45 
12.35 
12.73 
28.06 
26.84 
25.67 
25.98 
22.11 
20.56 
20.02 
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APPENDIX IV 
RESULTS OF THE CT STUDY 
TLD 
2052 
2053 
3142 
3145 
2076 
3138 
3131 
3135 
3002 
3016 
2090 
2091 
2057 
2089 
2075 
2087 
2094 
2095 
2013 
3136 
2015 
2032 
2054 
2028 
2033 
2038 
2040 
2041 
2012 
3144 
2064 
Run 
2 
2 
2 
2 
2 
2 
2 
2 
2 
Site 
1 
1 
2 
2 
3 
3 
4 
4 
5 
5 
6 
6 
7 
7 
8 
8 
9 
9 
1-14 
1-14 
V-14 
V-14 
1 
2 
3 
3 
4 
4 
5 
5 
6 
Raw Light 
Output 
(nC) 
93.55 
98.79 
94.27 
96.39 
147.4 
149.9 
78.35 
73.79 
72.76 
79.23 
75.94 
77.96 
102.78 
103.22 
90.03 
80.37 
159.1 
140.6 
157.3 
156.1 
132.6 
147.3 
61.50 
56.42 
85.91 
91.28 
52.98 
52.87 
50.91 
60.33 
58.16 
TLD 
2088 
2069 
2100 
2074 
2098 
2065 
2067 
3118 
3121 
2034 
2037 
3114 
3108 
2002 
2048 
3106 
3107 
2036 
3112 
2008 
2035 
2056 
3076 
2072 
2099 
2042 
2045 
3103 
3105 
2084 
3011 
Run 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
Site 
6 
7 
7 
8 
8 
9 
9 
1-14 
1-14 
V-14 
V-14 
1 
2 
3 
3 
4 
4 
5 
5 
6 
6 
7 
7 
9 
9 
1-14 
1-14 
V-14 
V-14 
1 
2 
Raw 
Light 
Output 
55.91 
65.10 
67.06 
53.18 
51.65 
91.62 
91.12 
114.8 
114.7 
106.0 
109.2 
52.74 
49.83 
41.19 
48.61 
47.61 
50.86 
47.40 
46.39 
37.69 
40.92 
45.67 
47.25 
80.65 
81.12 
82.35 
86.79 
50.98 
53.08 
47.53 
45.68 
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TLD 
2044 
3034 
3028 
3090 
3032 
3125 
2010 
3139 
3143 
3149 
3021 
3027 
2049 
3008 
2046 
3074 
2022 
2058 
3024 
3116 
2003 
3037 
3039 
3048 
3015 
3038 
2016 
3043 
2024 
3047 
3054 
3075 
3059 
3088 
Run 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5* 
5* 
5 
5* 
5* 
5* 
* 
5 5 
5* 
5* 
5* 
5* 
5* 
5* 
5* 
5* 
Site 
3 
3 
4 
4 
5 
5 
6 
6 
7 
7 
8 
8 
9 
9 
1-14 
1-14 
V-14 
V-14 
1 
2 
3 
3 
4 
4 
5 
5 
6 
6 
7 
7 
8 
8 
9 
9 
Raw Light 
Output 
(nC) 
49.91 
49.26 
47.88 
47.98 
61.48 
58.51 
50.34 
52.94 
45.08 
51.49 
44.61 
42.83 
49.03 
46.50 
48.26 
51.58 
54.16 
52.82 
76.83 
77.94 
145.2 
71.37 
55.51 
57.95 
57.03 
56.30 
49.09 
51.67 
74.89 
83.75 
57.65 
58.75 
89.17 
82.87 
TLD 
2009 
2051 
3010 
3069 
2055 
3049 
3020 
3079 
3080 
3086 
3087 
3120 
2085 
3052 
2021 
3062 
3053 
3042 
3067 
3102 
3124 
3044 
3123 
3119 
3133 
3130 
3134 
3137 
3146 
3129 
3147 
3071 
3095 
3096 
Run 
* 
5 
5* 
5* 
5* 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
Site 
1-1.4 
1-14 
V-14 
V-14 
1 
2 
3 
3 
4 
4 
5 
5 
6 
6 
7 
7 
8 
9 
9 
1-14 
1-14 
V-14 
V-14 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1-14 
V-14 
Raw Light 
Output 
(nC) 
73.32 
79.49 
107.5 
110.8 
64.49 
68.02 
75.06 
69.89 
66.77 
67.24 
71.67 
64.80 
64.94 
62.20 
62.93 
61.55 
57.16 
77.48 
76.59 
85.59 
91.23 
85.20 
78.72 
53.51 
62.30 
73.40 
54.42 
54.99 
44.15 
50.01 
47.94 
75.16 
97.08 
67.16 
- Denotes initial run 5 results that were not included in any analysis 
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APPENDIX V 
TLD DATA OBTAINED FROM THE ACCELERATOR 
3 MeV TLD Data 
TLD 
119t 
144t 
121t 
130t 
125t 
150t 
142t 
147t 
102t 
104t 
127t 
137t 
128t 
155t 
156t 
132t 
123t 
120t 
lOlt 
106t 
136t 
112t 
Loc. 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Cab 
Cab 
Control 
Control 
Control 
Control 
Control 
Control 
Trail. 
1 
1 
2 
2 
3 
3 
5 
5 
4 
4 
6 
6 
7 
7 
In Beam 
In Beam 
NA 
NA 
NA 
NA 
NA 
NA 
Spot 
Center 
Center 
Center 
Center 
Center 
Center 
Driver 
Driver 
Pass 
Pass 
Center 
Center 
Center 
Center 
R. Armpit 
L. Armpit 
NA 
NA 
NA 
NA 
NA 
NA 
Phantom 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Right 
Left 
NA 
NA 
NA 
NA 
NA 
NA 
Light 
Output 
(nC) 
5.464 
2.899 
3.518 
2.554 
3.793 
2.929 
4.454 
3.158 
3.496 
2.734 
4.269 
2.632 
5.870 
3.164 
9.920 
8.170 
2.289 
3.144 
2.409 
2.102 
2.573 
2.154 
Light 
Output 
(nC) 
5.066 
2.597 
2.563 
2.826 
3.819 
2.694 
4.044 
3.020 
3.160 
2.545 
3.523 
2.614 
4.063 
3.169 
13.84 
8.832 
2.179 
2.674 
2.329 
1.824 
2.769 
2.047 
Light 
Output 
(nC) 
1.806 
1.228 
1.285 
0.9323 
2.622 
1.204 
2.035 
1.452 
1.584 
1.288 
2.447 
1.637 
1.925 
1.964 
5.425 
4.506 
1.682 
1.159 
1.192 
0.9300 
0.8672 
1.797 
Light 
Output 
(nC) 
6.106 
3.099 
3.923 
4.233 
6.640 
4.330 
6.079 
4.915 
4.795 
3.381 
6.458 
4.328 
6.013 
4.434 
13.00 
8.015 
3.207 
4.009 
3.463 
2.963 
3.045 
3.104 
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6 MeV TLD Data 
TLD 
104t 
136t 
116t 
139t 
l i l t 
137t 
121t 
115t 
154t 
141t 
122t 
143t 
148t 
109t 
106t 
128t 
153t 
131t 
118t 
114t 
112t 
126t 
103t 
146t 
129t 
Loc. 
Cab 
Cab 
Cab 
Cab 
Cab 
Cab 
Cab 
Cab 
Cab 
Control 
Control 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trailer 
Trail. 
In Beam 
In Beam 
In Beam 
In Beam 
Spot 1 
L. Armpit 
L. Armpit 
R. Armpit 
R. Armpit 
Out. Beam L. Armpit 
Out. Beam 
Out. Beam 
Out. Beam 
L. Neck 
Wheel 
R. Neck 
Out. Beam R. Armpit 
NA 
NA 
7 
7 
5 
5 
4 
4 
3 
3 
2 
2 
6 
6 
1 
1 
NA 
NA 
Center 
Center 
Driver 
Driver 
Pass. 
Pass. 
Center 
Center 
Center 
Center 
Center 
Center 
Center 
Center 
Phantom 
Left 
Left 
Right 
Right 
Left 
Left 
NA 
Right 
Right 
NA 
NA 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
Back 
Front 
Pos.(i) 
Light 
Output 
(nC) 
4.207 
17.87 
2.451 
8.290 
1.610 
1.140 
2.009 
1.171 
1.230 
0.870 
1.367 
2.039 
4.000 
2.374 
5.084 
2.449 
4.919 
2.147 
4.899 
2.717 
4.469 
2.523 
4.672 
2.290 
5.221 
Pos.(ii) 
Light 
Output 
(nC) 
4.247 
18.26 
2.129 
9.504 
1.667 
1.188 
1.700 
1.368 
1.297 
0.855 
0.851 
2.353 
4.803 
2.326 
4.548 
1.741 
3.823 
2.361 
4.619 
2.123 
4.361 
2.244 
4.658 
2.377 
4.864 
Pos.(iii) 
Light 
Output 
(nC) 
2.016 
7.241 
1.351 
3.624 
0.837 
1.047 
0.854 
1.903 
1.577 
0.732 
1.243 
1.093 
1.956 
2.070 
2.126 
1.199 
3.292 
1.176 
2.065 
1.108 
3.243 
1.381 
1.543 
2.683 
2.287 
Pos.(iv) 
Light 
Output 
(nC) 
4.702 
23.85 
3.628 
9.976 
2.984 
2.220 
2.287 
2.764 
2.141 
1.399 
3.374 
3.719 
5.031 
9.264 
9.077 
3.978 
4.777 
2.939 
5.503 
3.151 
7.455 
4.680 
8.220 
4.122 
5.845 
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APPENDIX VI 
ISODOSE MEASUREMENT DATA 
3 MeV Results 
Exp. Exp. Exp. Exp. Rate Rate 
x Y
 lm lm R a t e l m R a t e l m Ground Ground Ground Ground 
# (feet) (feet)
 (liR^ (nR^ (mR/hr) (mR/hr) (nR) (ll^ rmR/hr^ fmR/hr-) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
0 
0 
0 
0 
5 
5 
5 
5 
-5 
-5 
-5 
-5 
0 
0 
0 
0 
-5 
-5 
-5 
-5 
5 
5 
5 
5 
-2 
-12 
-7 
-17 
-17 
-12 
-7 
-2 
-2 
-7 
-12 
-17 
80.875 
85.875 
90.875 
95.875 
59 
30 
38 
19 
20 
31 
41 
63 
61 
48 
30 
22 
1270 
500 
66 
63 
60 
28 
38 
20 
22 
30 
38 
66 
62 
55 
25 
18 
1110 
490 
65 
61 
80.875 above reading 
85.875 
90.875 
95.875 
80.875 
83.875 
90.875 
95.875 
-32.5 65.875 
-32.5 9 
18 
18 
0 
0 
0 
0 
65.875 
9 
-22 
-27 
-32 
-37 
220 
81 
55 
1110 
136 
64 
48 
24 
25 
53 
40 
144 
81 
65 
1030 
161 
58 
47 
20 
25 
55 
48 
23 
5 
12 
3.85 
4 
8 
13 
28 
23 
15 
4.2 
3.1 
20 
5 
13.5 
3.95 
4.4 
14 
30 
24 
15 
4.5 
3 
above reading 
220 
19 
19 
150 
19 
20 
above reading 
60 
32 
14 
60 
29 
13.5 
above reading 
115 
12 
12 
4.9 
6 
5 
4.4 
1.6 
1.1 
0.9 
0.7 
115 
12.5 
12 
4.5 
6 
6 
4.8 
1.7 
1 
0.95 
0.7 
34 
19 
24 
16 
15 
19 
26 
39 
29 
24 
22 
16 
67 
64 
36 
31 
60 
58 
34 
30 
77 
95 
38 
30 
17 
12 
25 
26 
38 
19 
28 
16 
16 
20 
26 
43 
30 
22 
20 
15 
69 
71 
36 
31 
64 
59 
36 
31 
73 
84 
36 
31 
18 
13 
26 
23 
15 
4.5 
8 
3.4 
3.6 
4.7 
7 
20 
6 
5 
4 
2.8 
45 
38 
8 
5 
26 
18 
4.5 
4.6 
20 
45 
7.5 
5 
3.8 
3 
2.9 
4.4 
15 
4.6 
7 
3.2 
3.6 
4.7 
7 
19 
7 
5 
4 
2.8 
50 
38 
8 
5 
25 
17 
5 
5 
38 
50 
8 
5 
3.6 
3.6 
3 
4.5 
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6MeV Results 
Exp. Exp. Exp. Exp. Rate Rate 
X Y lm lm Rate lm Rate lm Ground Ground Ground Ground 
# (feet) (feet) (|xR) (piR) (mR/hr) (mR/hr) (u.R) (u.R) (mR/hr) (mR/hr) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
0 
0 
0 
0 
5 
5 
5 
5 
-5 
-5 
-5 
-5 
0 
0 
0 
0 
-5 
-5 
-5 
-5 
5 
5 
5 
0 
-10 
-5 
-15 
-15 
-10 
-5 
0 
0 
-5 
-10 
-15 
80.88 
85.88 
90.88 
95.88 
80.88 
85.88 
90.88 
95.88 
80.88 
90.88 
95.88 
-32.5 65.88 
-32.5 9 
18 
18 
0 
0 
0 
0 
65.88 
9 
-22 
-27 
-32 
-37 
above 
86 
260 
83 
78 
95 
210 
reading 
82 
191 
76 
69 
160 
above reading 
above reading 
176 
102 
61 
360 
152 
143 
79 
460 
240 
117 
73 
300 
151 
90 
71 
74 
155 
134 
158 
88 
66 
390 
150 
139 
77 
490 
330 
120 
68 
350 
146 
85 
86 
92 
170 
153 
above reading 
22 
165 
24 
20 
22 
80 
25 
140 
26 
19 
21 
50 
above reading 
above reading 
160 
44 
12 
120 
55 
42 
16 
180 
100 
31 
12 
110 
45 
19 
17 
18 
20 
19 
5 
3 
2.8 
2 
150 
38 
12 
135 
50 
43 
16 
200 
120 
35 
11 
130 
45 
18 
17 
19 
23 
16 
4.7 
3.2 
2.85 
2 
210 
58 
113 
50 
53 
65 
116 
230 
145 
88 
62 
54 
143 
91 
79 
71 
135 
89 
82 
68 
155 
91 
75 
62 
39 
102 
73 
210 
63 
116 
55 
58 
74 
134 
210 
151 
86 
58 
55 
153 
94 
82 
66 
133 
87 
82 
66 
167 
92 
74 
69 
36 
119 
82 
150 
15 
30 
11 
12 
21 
50 
110 
90 
19 
14 
10 
47 
27 
20 
14 
32 
20 
15 
10 
60 
20 
15 
12 
11 
12 
9 
130 
15 
31 
12 
14 
19 
35 
130 
90 
18 
14 
10 
49 
25 
20 
14 
31 
20 
14 
11 
50 
19 
15 
12 
10 
13 
8 
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APPENDIX VII 
LIST OF MATERIALS USED 
Quantity Equipment 
1 
1 
1 
-300 
49 
49 
1 
cylinder 
1 
1 L 
1 
1 
-300 
1 
1 
4.08mC 
11.3Ci 
1 
1 
1 
2 
1 
4 
1 roll 
1 
Thermo Fisher Scientific Harshaw TLD Model 4500 Reader 
Thermo Fisher WinREMS Software 
Golden Surfer Software 7 
TLD-100 microcubes 
8810 Thermo Fisher Scientific Harshaw TLD Cards 
Personnel Dosimeter Holders 
99.995% Nitrogen Gas 
Toshiba Aquilion One 320-Slice CT Scanner 
Reagent Grade Ethanol 
TLDOfenTyp 1321 
Faxitron Cabinet X-Ray System 
2.54 x 2.54cm Ziploc Bag 
Gamma Camera Point Source Calibrator 
5mL Syringe 
99mTc 
,37Cs 
2ft x 2ft x 2in Packing Foam 
3 and 6 MeV Varian Dual Energy Linac w/Imaging Detectors 
Lawrence Livermore National Laboratory Torso Phantom 
Antimony/Bismuth in Ethylene Coploymer Shield (0.11mm) 
Antimony/Bismuth in Ethylene Coploymer Shield (0.05mm) 
Solid 
Antimony/Bismuth in Ethylene Coploymer Shield (0.05mm) 
Checkered 
Fluke 45IP Ion Chamber 
Duct Tape 
3ft Tall Plastic Table 
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